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This dissertation reports the synthesis and characterization of semi-fluorinated polymers
derived from the polymerization of bisphenols with fluoroalkenes. A series of diverse bisphenols
were chosen from popular commercial bisphenols and new polycyclic aromatic hydrocarbon
(PAH) derived bisphenols requiring synthesis. Step-growth condensation polymerization of
bisphenols with three different fluoroalkene types was performed while probing polymerization
conditions and the structure/properties relationship of the resulting fluoropolymers. The
fluoroalkene

monomers

were

chosen

from

bis(trifluorovinyloxy)biphenyl

(TFVE),

perfluorocyclohexene (PFCH), and perfluoro acyclic monomers, namely, perfluoro(4-methyl-2pentene) and 1-perfluoroheptene to undergo this chemistry.
This work is divided into four parts based on the polymerization methodology.
The first section focuses on the development of a new class of fluorinated arylene vinylene ether
(FAVE) and their chain extended polymers prepared via base-catalyzed step-growth
polymerization of PAH bisphenols with the TFVE monomer. These reactions afforded polymers
containing controlled terminal and enchained fluoroalkenylenes for latent reactivity such as post

polymerization functionalization, chain extension, and/or crosslinking. In general, these PAH
cores resulted in polymers with improved thermal properties
The second portion describes the investigation of step-growth addition/elimination
polymerizations of PAH bisphenols and PFCH to prepare a new class of fluoropolymers containing
alternating rigid PAH linkages and enchained PFCH vinylene ether moieties in the backbone.
The third section covers the preparation and characterization of semi-fluorinated poly(aryl
ether sulfone)s by nucleophilic addition/elimination reactions of PFCH with sulfone bisphenols.
From commercially bisphenols combined with PAH bisphenols, we introduced the industrially
valuable and property enhancing diaryl sulfone unit in a series of semi-fluorinated copolymers.
This modular approach greatly expands access to partially fluorinated aryl ether sulfone polymers
intended for high performance applications in optoelectronics, separation/purification membranes,
and composites.
Finally, in the fourth section, a new class of semifluorinated polymers was synthesized via
nucleophilic addition/elimination reactions of acyclic perfluoroalkenes with bisphenols. In
particular, environmental concerns for biopersistent and highly regulated perfluorooctanoic acid
(PFOA) is the driver for using perfluoroheptene, which is derived cleanly by the decarboxylation
of these pollutants in one step. This provided a new class of semi-fluorinated materials with
promising properties including thermal stable, processability, and transparent film formation.
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CHAPTER I
INTRODUCTION
1.1

Fluoropolymers
Fluoropolymers are macromolecules that contain many strong carbon-fluorine bonds. The

first fluoropolymer developed is the well-known polytetrafluoroethylene, brand named “Teflon.”1
Since its accidental discovery at Dupont in 19381, Teflon has found a range of practical
applications where properties such as good thermal stability, excellent chemical resistance, and
outstanding electrical resistance are required. Outstanding properties and successful applications
of Teflon led to the invention of various other perfluorinated and semi-fluorinated polymers such
as poly(tetrafluoroethylene) (PTFE), polychlorotrifluoroethylene (CTFE), polyvinylidene fluoride
(PVDF), Poly(vinyl fluoride) (PVF), fluorinated ethylene propylene (FEP), perfluoroalkoxy resins
(PFA), perfluorocyclobutyl (PFCB) polymers, semi-fluorinated arylene vinylene (FAVE)
polymers, perfluorocycloalkenyl (PFCA) polymers and more.2–6 Fluorine-containing polymers are
highly desired as high performance, robust, and engineering materials because many exhibit a
unique combination of high thermal stability, excellent chemical resistance, low surface energy,
and low refractive index.4,5 These excellent properties enable fluoropolymers to find many
applications as high-performance materials in automotive, aerospace, biomedical, and military
technology.4,7 The inert nature (Thermal and chemical) of fluorocarbon versus hydrocarbon
polymers is due to fluorine’s electronegativity, to the very strong C-F bond dissociation energy
(BDE) vs. C-H (BDE = 513 vs. 338 kJ/mol), and to the significant increase in bond strength to
1

adjacent C-C bonds which fluorine imparts.8,9 These strong C-F and C-C BDEs enable fluorinecontaining polymers to be used at extremely high temperatures compared to their hydrogencontaining analogues. As high performance, robust and engineering materials are in high demand,
researchers have shown continuing interest in developing and polymerizing various fluorinecontaining monomers. Example classes of fluoro-monomers used to prepare various important
fluorinated polymers are listed below to introduce this field.
1.2
1.2.1

Fluoromonomers
Tetrafluoroethylene (TFE)
TFE polymerization leads to a variety of polytetrafluoroethylene (PTFE) homopolymers

(Scheme 1.1), especially, modified granular PTFE, and micropowder PTFE polymers.2 TFE (gas)
is polymerized via a free-radical addition reaction using water soluble radical initiators, such as
peroxydisulfates, organic peroxides, or reduction-activation systems. The polymerization is done
at moderate temperatures (40-80 °C) and moderate pressures (0.7-2.8 MPa) and it is extremely
exothermic. PTFE is a tough, flexible material with Tg (⁓115 °C), moderate tensile strength,
excellent heat resistance, and good chemical resistant. Additionally, PTFE remains ductile in
compression at temperatures of -260 °C.3,10–14

2

Scheme 1.1

1.2.2

General polymerization process of TFE to PTFE via free-radical reaction at 40-80
°C under moderate pressure

Chlorotrifluoroethylene (CTFE)
CTFE monomer is used to prepare polychlorotrifluoroethylene (PCTFE) (Scheme 1. 2).

The polymerization is carried out in solution, bulk, or suspension by the free-radical
polymerization of chlorotrifluoroethylene to afford PCTFE with properties similar to PTFE.12–14
The CTFE polymerization with yields of up to 88% was developed by Dittman et al.15 Water was
used as a diluent in a 1:5 ratio of the gas monomer weight. In this process a solid polymer was
formed at reaction temperatures of 0-40 °C while a liquid polymer is formed at higher reaction
temperatures.

3

Scheme 1.2

1.2.2.1

General polymerization of CTFE to PCFE via free-radical reaction in solution,
bulk, or suspension

PTFE Vs PCTFE
PTFE and PCTFE have similar chemical structures. The only main difference is the

presence of chlorine in the PCTEF backbone which affects its physicochemical properties. The
incorporation of a chlorine atom having a larger atomic radius than fluorine breaks up the neat
symmetry in the PTFE structure. This reduces the close chain packing and increases the backbone
chain flexibility. As consequence, PCTFE exhibits lower softening temperature. On the other hand,
the higher interchain attraction results in a harder polymer with higher tensile strength. 13
Additionally, the presence of chlorine leads to an unbalanced electrical structure which affects the
electrical insulation properties of PCTFE and thus limits its use in high-frequency applications.13
Because of the lower tendency of PCTFE to crystallize, it can be cast in a thin film coating with
good chemical resistance but not as good as that of PTFE.13 For example, substances such as
chlorosulfonic acid, caustic alkalis, and alkali metals can adversely affect the material under
certain circumstances. Certain aromatic hydrocarbons, esters, ethers, and halogenated
hydrocarbons may cause swelling of the material at elevated temperatures.10,11,14
4

1.2.3

Hexafluoropropylene (HFP)
Hexafluoropropylene monomer can be produced in high yield (86%) by thermal cracking

of TFE at low pressure and at temperatures of 700-800 °C.16 Another method gives HFP (⁓ 58%
yield) by pyrolysis of PTFE under vacuum at 860 °C.17 HFP is often used as a comonomer to
prepare fluoroplastics. For example, the first copolymerization of HFP and TFE via free-radical
polymerization (Scheme 1.3) was introduced by DuPont in 1956.5 The emulsion polymerizations
are conducted in water and are initiated with peroxydisulfate to give random polymers known as
“Teflon-FEP resins”.12 These FEP resins may be regarded as the first commercial attempt to
provide melt/solution processable materials with the general PTFE properties.3,10–14 Commercial
FEPs can be molded or extruded giving materials with excellent electrical insulation, chemical
inertness, and mechanical properties similar to PTFE. These materials exhibit a maximum service
temperature of about 60 °C lower than that of PTFE for use under equivalent conditions.5

Scheme 1.3

1.2.4

General copolymerization of TFE and HFP to obtain random FEP polymer via freeradical reaction as an emulsion in water

Vinylidene fluoride (VDF or VF2)
Polyvinylidene fluoride (PVDF) is prepared from gaseous VDF monomer via a free-radical

polymerization in emulsion or suspension to obtain spherical particles of PVDF (Scheme1.4). The
5

agglomerated PVDF particles are often milled into fine particles to increase the surface area for
easier dissolution in the solvent when PVDF is used for surface coatings. The repeating units of
PVDF chains, are alternating CH2 and CF2 groups that influence its properties. These properties
combine some of the performance characteristics of both polyethylene (-CH2-CH2-)n and PTFE (CF2-CF2-)n. Certain commercial PVDFs are copolymers of VDF with small amounts (≤ 6%) of
other fluorinated monomers, such as CTFE, or TFE and they exhibit somewhat different properties
than the homopolymers. PVDFs are thermoplastics that find many applications as thermoplastics.
For example, PVDF resin is used in extrusion and injection molding to produce PVDF pipes,
sheets, coatings, and films.3,10–14

Scheme 1.4
1.2.5

General polymerization of VDF to give PVDF particles via free-radical
emulsion/suspension reaction

Vinyl fluoride (VF1)
Vinyl fluoride, CH2CHF is converted to polyvinyl fluoride (PVF) under high pressure (3.4

to 34.4 MPa) in the presence of catalysts (peroxides and azo compounds) at temperature 50-150
°C to produce a tough, transparent plastic PVF (Scheme 1.5) with a good resistance to chemical
attack.18 PVF is a semicrystalline polymer commonly manufactured in the form of films and used
as protective coatings for outdoor surfaces such as building siding or solar collectors. PVF films
are partially soluble in a few highly polar solvents above 150 °C and can retain their forms and
6

strength even when boiled in strong acids and bases.12 PVF (film) was first introduced in the early
1960s, by DuPont under the trade name “Tedlar”.3,10–14

Scheme 1.5
1.2.6

General polymerization of VF1 to PVF via free-radical reaction at 50-150 °C
under high pressure18

Trifluorovinyl ether (TFVE) monomers
TFVE-containing monomers (Figure 1.1) have been used to introduce new functionalities

into fluoropolymers both by addition/elimination reactions and cycloaddition reactions. Bis-TFVE
monomers can undergo step-growth addition/elimination polymerization under basic conditions
leading to semi-fluorinated arylene vinylene ether polymers (FAVE)19,20 TFVE end groups can
also react via free radical mediated [2 + 2] thermal cyclodimerization at temperatures above 150
°C in solution or melt. This generates perfluorocyclobutyl (PFCB) linker units within the resulting
aromatic ether polymers.21–24 FAVE and PFCB polymers show good solubility for an array of new
applications.5,25 TFVE reactions with various of bisphenols leading to FAVE and PFCB polymers
will be studied and described in detail in this work.

7

Figure 1.1

1.2.7

Commercially available bis(trifluorovinyloxy)biphenyl (TFVE) used in the
polymerization to obtain FAVE or PFCB polymers

Perfluorocycloalkenes (PFCA)
PFCA (Figure 1. 2) are fluorocarbon-containing monomers with cycloolefin core. Among

them, commercially available octafluorocyclopentene (OFCP) and decafluorocyclohexene
(DFCH) are the most extensively studied fluoroalkene.26 Their olefin carbons are susceptible to
nucleophilic addition/elimination reaction with a wide variety of nucleophiles including
phenoxides,27 amines,28 Grignard reagents29, and azoles.30 These PFCA, have been used recently
as versatile building blocks for the preparation of high-performance semi-fluorinated aryl ether
polymers that can bear various functionalities and properties for different applications.26,31–33

Figure 1.2

Commercially available perfluorocycloalkenes (PFCA) that can be utilized to
produce PFCA aryl ether polymers
8

Among the above given monomers, Trifluorovinyl ether (TFVE) monomers,
perfluorocycloalkenes, especially, DFCH, and hexafluoropropene derivative monomers and their
polymerizations will be studied in detail in this thesis.
1.3

Perfluorocyclobutyl (PFCB) Aryl Ether Polymers
Perfluorocyclobutyl

(PFCB)-containing

polymers

are

special

types

of

semi-

fluoropolymers that are entirely amorphous and solution processable. Considerable attentions have
been focused on developing PFCB precursor monomers and polymers since PFCB-containing
polymer was introduced by Dow Chemical in the 1990s.21,34–37 PFCB-based polymers exhibit a
combination of attractive properties and applications. For example, the most important properties
include, good thermal stability, excellent chemical resistance, high hydrophobicity, excellent
insulating properties, low dielectric constant as well as good transparency.34,36 Recently, novel
PFCB-containing polymers with very low dielectric constant (Dk) and dielectric dissipation factor
(Df) have been introduced.23 Table 1.1 lists the selected properties of known PFCB-based
polymers.

9

Table 1.1

Selected physical properties of PFCB aryl ether polymers.21–23,34–39

Properties
Glass transition
Thermal decompositiona
Tensile strength
Tensile modulus
Flexural strength
Cure temperature/time
Molecular weight (GPC)
Loss (1550 nm)
Refractive index
Dielectric constant (40 kHz)
Dissipation factor (40 kHz)
Bonding strength
Water uptake
Transmittance (400 -700 nm)
Coefficient of thermal expansion
a
5% weight loss temperature in N2 and air.

Ranges
110-370 °C
380-510 °C
50.3-66.0 MPa
1770-2270 MPa
74.0-92.4 MPa
150-220 °C/0.1−3.0 h
1,200-30,000 Mw
< 0.25 dB/cm
(1550 nm) 1.442-1.505
2.31-2.64
0.0004-0.0090
0.23-4.93
0.04-0.74%
90-93% (GPa)
51.1-79.8 (ppm/°C)

These excellent physico-chemical properties enable PFCB-based polymers to find many
applications. For instance, PFCB polymers are used as high-performance optical materials,
protective surfaces coatings, light emitting and hole transporting materials in organic emitting
diodes (OLEDs), proton exchange membranes in fuel cells, and dielectric packaging materials in
microelectronic industry.23,36 Over the past decades, many efforts have been focused on developing
techniques and strategies for practical and efficient preparations of PFCB polymers. In general,
PFCB-based polymers are prepared via two main routes as depicted in Scheme 1. 6.23,36,38,39 The
first type of polymers is prepared by free radical-mediated [2 + 2] thermal cyclodimerizations of
monomers or oligomers-containing TFVE end groups at temperatures of 150−200 °C without
using any catalyst in melt or solution conditions. The second type of polymers is prepared from
monomers or oligomers containing PFCB ring. This is done by nucleophilic addition-elimination
reaction between bi-functional PFCB containing monomers/ oligomers and bi-functional hydroxy10

compounds under basic conditions. For the past decades, various new PFCB precursor monomers
and effective methods for their syntheses for subsequent polymerizations have been developed.
Figures 1.3-1.623,24 represents various TFVE- and PFCB-containing monomers employed in the
preparation of PFCB polymers. Upon heating above 150 °C, the multi-functional monomers can
gel or form cross-linking networks.23

Scheme 1.6

General routes to PFCB polymers. Route A: free radical thermal [2 + 2]
cyclodimerizations of bis-TFVE containing monomers to give PFCB aryl ether
polymers. Route B: polycondensation of PFCB ring-containing monomers to
produce AB-type PFCB aryl ether polymers38,39
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Figure 1.3

Representative structures of bi-functional TFVE-containing monomers used to
prepare PFCB polymers via free radical thermal cyclodimerization above 150 °C in
melt or solution without any catalyst presents23,24

12

Figure 1.4

Representative structures of PFCB ring-containing monomers used for generating
PFCB-containing polymers23,24
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Figure 1.5

Representative structures of multi-functional TFVE-containing monomers used in
PFCB-forming polymerizations via free radical-mediated [2 + 2] thermal
cyclodimerizations above 150 °C in melt or solution that can led to cross-linking
networks23,24
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Figure 1.6

1.4

Representative structures of silicon-containing TFVE-based monomers used for
PFCB-forming polymerizations via free radical-mediated [2 + 2] thermal
cyclodimerization above 150 °C in melt or solution which can led to linear polymers
or cross-linking networks23,24

Semi-fluorinated arylene vinylene ether (FAVE) polymers
Fluorinated arylene vinylene ether (FAVE) polymers are a class of high-performance semi-

fluorinated polymers obtained by step-growth addition/elimination polymerization of
trifluorovinyl ether (TFVE)-based monomers with bis-hydroxy-containing monomers.6
Nucleophile addition to fluorocarbons is well known and used in organofluorine chemistry.6,40,41
Feiring et al.42 developed and reported the first step-growth polymerization as an alternative route
toward the preparation of aliphatic perfluoropolyethers (PFPEs)
15

6,43

as shown in Scheme 1.7 As

result these PFPEs exhibit low surface energy, good thermal stability, and exceptional chemical
resistance. Additionally, they were prepared at relatively low pressures and low temperatures,
avoiding the use of gaseous starting materials compared to typical conditions used in commercial
preparation.42,43

Scheme 1.7

Step-growth polymerization of fluorinated vinyl ether alcohols affording linear
and cyclic PFPEs

The use and adaption of Feiring’ preliminary methodology presents an opportunity to
synthesis partially fluorinated aromatic poly(ether) polymers that could not be achieved from
typical PFPE synthesis.6 This new methodology is a mean to develop a versatile amorphous
polymeric network for specific applications. Smith et al.19 reported the semi-fluorinated arylene
vinylene ether (FAVE) polymers prepared from TFVE-bearing monomers with commercially
available bisphenols. The new FAVEs are versatile advanced materials that show significant
promises toward various applications such as opto-electronics, membranes, and photonics.
Scheme 1.8 represents the base-catalyzed step-growth addition/elimination polymerization of aryl
TFVEs with bisphenols affording FAVE polymers.19 The resulting FAVE polymers possess dual
functionality with a well-defined difluorodioxyvinylene enchainments and can be telechelic in
nature with intact TFVE end groups if excess of aryl TFVE is used. These end groups are
susceptible to chain extension via [2+2] cyclodimerization forming perfluorocyclobutyl (PFCB)
16

aryl ether linkages. Additionally, difluorodioxyvinylene enchainment can undergo crosslinking
above 250 °C, further increasing the thermal resistance of the FAVE polymers.19 FAVE
polymerizations can be performed using NaH or Cs2CO3 as choice of base in DMF at 60-80 °C.
Reported TFVE-containing monomers are given in Figure 1.3-1.6.

Scheme 1.8

1.5

Routes to functionalized step-growth semifluorinated aryl ether polymers via
nucleophilic addition-elimination of aryl TFVE monomers with bisphenols using
NaH or Cs2CO3 as choice of base

Perfluorocycloalkenyl (PFCA) Aromatic Ether Polymers
To the two general polymerization routes affording perfluorocyclobutyl (PFCB) aryl ether

and fluorinated arylene vinylene ether (FAVE) applied as tailorable advanced materials, a third
general route utilizing perfluorocycloalkenes (PFCA)s has recently been reported by Smith et
al.32,44,45 Perfluorocycloalkenyl aryl ether polymers are obtained by step-growth polycondensation
17

of bisphenols and commercially available PFCAs as shown in Scheme 1.9.44 In particular,
decafluorocyclohexene (DFCH) and octafluorocyclopentene (OFCP) undergo nucleophilic
addition-elimination with a range of nucleophiles such as phosphines; Grignard reagents, amines,
azoles, and phenoxides.27–30,46,47 Although containing a vinyl moiety in the backbone, most PFCAs
(OFCP & DFCH) do not homopolymerize under radical conditions.6

Scheme 1.9

1.6

General schematic route to perfluorocycloalkenyl aryl ether polymers

Applications
Fluoropolymers including, PFCB, FAVE and PFCA aryl ether polymers especially, can be

modularly tailored by functionalization of the versatile aryl group (the functional spacer)6 for many
practical applications as photonic, polymer light emitting diodes (PLEDs), proton exchange
membranes (PEMs), chemical sensors and surface coating protection.6,19,41,48
1.6.1

Photonic devices
Polymer optical waveguide devices play an important role in the transmission technologies,

optical networking, computing systems and access communications.49 Recently organic polymers
18

become of high priority over their inorganic counterparts50 due to their outstanding properties. The
valuable combination of properties and advantages including, cost effectiveness, processability,
low moisture absorption, and toughness.50 These make them an ideal candidate for semiconductor,
lasers, detectors, and logic circuits.50,51 Low propagation loos at the near-IR region is an important
factor to determine the performance of optical devices. For example, the stretching vibrations of
C-H, C=O, and O-H bonding result in the increase of the propagation loss in the near-IR.49,52
Organic polymers including polyacrylates, polyimides, and polyethers are important alternative
materials for photonic devices.53–56 However, the presence of the C−H bonds in their backbone
increases the propagation loss in the near-IR which affects the functionality of the devices.
Replacing hydrogens by different elements have shown to reduce the vibrations and overtones in
the communication wavelengths. For instance, the substitution of C-F for C-H in the polymer
backbone, shifts the absorption band to higher wavelength which also makes its intensity weak.52,57
Therefore, fluoropolymers have gained the most consideration as good candidate for photonic and
communication application.
1.6.2

Polymeric light-emitting diodes
Polymer light emitting diode (PLED) technologies, have received tremendous attention in

the last decades.58–60 Organic light-emitting diode (OLED) displays have advantages over their
inorganic counterpart. They exhibit efficient emission, high contrast images, low weight, as well
as low cost.59 However, most of OLEDs are poor electron acceptors due to the high LUMO energy
which leads to the imbalance of charge carrier injection. Thus, there is a need for suitable organic
polymers as substrates for light emitting diodes (LED)s. Introducing electron-withdrawing groups
into the polymer backbones is a good way to overcome the imbalance of charge carrier injection.61
The incorporation of fluorines into the polymers lowers the HOMO and LUMO energies of the
19

polymers which reduces the barrier of electron injection. This leads to the enhancement of the
electroluminescence brightness at reduced turn on voltage.61 Thus fluoropolymers including PFCB
aryl ether-, FAVE- and PFCA-containing polymers offer a series of advantages for use as emissive
materials.

1.6.3

Proton exchange membranes for fuel cells
Proton exchange membranes (PEMs) have been widely explored for past decades as

component of fuel cells.62–64 and also as polyelectrolyte in the thermochemical cycles for a large
scale hydrogen production.63,65–67 The most suitable polyelectrolytes used in fuel cells and
thermochemical cycles are perfluorinated polyethers like a DuPont’s Nafion. Nafions are most
used as membranes because of their unique combination of properties such as high proton
conductivity, low electronic conductivity, good chemical resistance, and high thermal stability.67,68
However, Nafion polymeric systems show some drawbacks such as high production cost, high
permeability to reactant gases, and limited operational temperatures. These drawbacks limit Nafion
practical applications.69,70 Therefore, alternative materials to Nafions are needed.71,72 Partially
fluorinated polymers, especially, perfluorocyclobutyl (PFCB) polymers are considered as potential
candidate suitable for PEM materials to improve oxidative and hydrolytic stability.36,73–75
1.6.4

Surface Coatings
Perfluoropolymers provide excellent surface coating protections and resistances to hostile

physicochemical and temperature operation environments due to the C–F (485 kJ/mol) bond
energy. In many applications, they offer high surface coating protections to a huge variety of
chemicals, such as acids, bases, fuels, and oils.76 For example, perfluoropolymer coating films
20

enhance the lifetime of medical implants, passivate the surface of semiconductors, protect
functional layers in organic light emitting diodes, protect from corrosion of metals, etc.76–79

1.6.5

Antifouling Membranes76
Membrane technologies have been used for water purification and wastewater treatment

because they exhibit high energy efficiency.81,82 These membranes can permeate water and reject
solid contaminants larger than their pore sizes. However, solid contaminants can accumulate on
the membrane surface. Over time, this accumulation will decrease the water flux and the
functionality of these membranes.80 Therefore, a need exists for fouling improvement. An effective
method of controlling fouling is to minimize favorable interactions between the foulants and the
membrane surface.83,84 A typical approach is to improve surface hydrophilicity by coatings using
fluorinated materials.80,85. Perfluoropolymers exhibit good underwater stability and nonstick
nature with low foulant adsorption derived from their low surface energy.86 For example, glass
substrates coated with polyperfluoroacrylate exhibited a surface energy of less than 13 mN/m and
reduced bacterial adsorption.80,87
1.6.6

Silicon etching protection84
There has been growing interest in the fabrication of monolithic integrated sensors.89,90

Alkaline etchants (e.g., KOH, etc.) are often used as etchant agents for the silicon etching
technique.88 Polytetrafluoroethylene (PTFE), has excellent chemical and etching resistance so that
PTFE seems to be an attractive material for protection purposes. However, conventional PTFE
cannot be coated on a silicon wafer because it does not dissolve in common solvents. Recently, a
perfluoropolymer, trade named CYTOP (Figure 1.7) with good solubility was developed and
21

commercialized by Asahi Glass Company.91 The chemical and thermal stabilities of CYTOP are
comparable to those of PTFE. Thus, CYTOP films formed by the spin-coating or dip-coating
techniques is a good candidate as coating for surface protection during the etching process.88

Figure 1.7

1.6.7

Structure of Commercial amorphous fluoropolymer CYTOP88

UV-resistant amorphous fluorinated coatings for anodized titanium surfaces89
Anodizing titanium produces superficial oxide films characterized by a dazzling

brightness, attractive aspect, a unique corrosion resistance, and, more importantly, a photocatalytic
surface.94,95 This photocatalytic activity has found a wide variety of applications, including
photocatalysis, solar energy conversion, electrochromic devices, self-cleaning and antimicrobial
coatings.96–100 Upon exposure of anodized titanium to UV radiation, the photoinduced charge
reacts with adsorbed water and oxygen to produce radical species on the surface of the titanium.
These radical species can oxidize adsorbed organic molecules leading to their complete
decomposition (CO2 and H2O).101 Therefore, hydrogenated polymeric matrix usually applied as
protective coatings are degrades upon UV radiation. This degradation forms intermediate species
that can spoil the anodized titanium surface.93 Thus, finding UV-resistant coatings for photoactive
titanium surfaces would be a key step towards the practical application of the anodized titanium.
22

Fluoropolymers are characterized by low wettability, low surface energies, good thermal stability
and excellent chemical resistance.25 Most importantly, fluoropolymers are highly transparent
materials over a wide range of electromagnetic wavelengths.103,104 The combination of these
important properties make amorphous perfluoropolymers good candidates for stable coatings to
be used on anodized titanium surface.93,103–105
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CHAPTER II
SEMI-FLUORINATED ARYLENE VINYLENE ETHER (FAVE) TELECHELIC POLYMERS
FROM POLYCYCLIC AROMATIC HYDROCARBON BISPHENOLS
AND TRIFLUOROVINYL ARYL ETHERS
This work has been previously published: Semi–fluorinated arylene vinylene ether (FAVE)
telechelic polymers from polycyclic aromatic hydrocarbon bisphenols and trifluorovinyl aryl
ethers. Karl M. Mukeba, Behzad Faradizaji, Ketki E. Shelar, Charles U. Pittman Jr., Dennis W.
Smith Jr. Polymer 2020, 209, 122955
2.1

Abstract
Semi-fluorinated arylene vinylene ether (FAVE) telechelomers and their chain extended

PFCB polymers were synthesized via base catalyzed step-growth polymerization of polycyclic
aromatic

hydrocarbon

(PAH)

bisphenols

and

commercially

available

4,4ꞌ-bis(4-

trifluorovinyloxy)biphenyl (TFVE-BP) monomer. Soluble polymers were obtained in good yield,
gave transparent free-standing films, and were characterized by 19F NMR, TGA, DSC, GPC, water
contact angle and AFM. Thermal analysis by differential scanning calorimetry (DSC) revealed Tg
values ranging from 150 to 168 °C. The new polycyclic aromatic FAVE polymers possess intact
trifluorovinyl ether (TFVE) end groups susceptible to thermal chain extension leading to
perfluorocyclobutyl (PFCB) aryl ether polymers with Tg ranging from 149 to 189 °C. Semifluorinated telechelic polymers with controlled terminal and enchained unsaturation with latent
31

crosslinking ability may find use in specialty applications such as photonics or gas separation
technologies.
2.2

Introduction
Polymers containing fluorine are desired as high performance materials due to their

valuable combination of properties including, for example, high thermal stability, good chemical
resistance, low surface energy and low dielectric constant.1,2 The inert nature of fluorocarbon
versus hydrocarbon polymers is due to the strong C-F bond vs. C-H (BDE = 513 vs. 338 kJ/mol)
and the significant increase in bond strength to adjacent C-C bonds which fluorine imparts.3,4
These excellent properties enable fluoropolymers to find many applications in automotive,
aerospace, biomedical, microelectronics and photonics industries.5–7 While the vast majority of
fluoropolymers are prepared by chain growth polymerization of fluoroolefins, step-growth
polymerization strategies are less common, and in particular, only rare cases have been reported
starting from fluoroalkenes. For example, Feiring’s (DuPont) step-growth polymerization
method8,9 (Scheme 2.1A) provided a new route to perﬂuoropolyether (PFPE) fluids which exhibit
exceptional thermal and chemical resistance. Building on this work, we have developed semifluorinated arylene vinylene ether (FAVE) polymers from aromatic trifluorovinyl ethers (TFVE)
and bisphenols.10,11 This approach extends our general program to develop fluoroalkene stepgrowth polymerization methodologies to access FAVE, perfluorocyclobutyl (PFCB)12–16 and
perfluorocycloalkenyl (PFCA)17–20 containing aromatic ether polymers (Scheme 2.1B).
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Scheme 2.1

Step-growth polymerization of fluorinated vinyl ether alcohols affording linear and
cyclic PFPEs (A) and general synthetic routes to PFCB, FAVE, and PFCA (B)

Specifically, we reported the nucleophilic addition/elimination polymerization of
commercial bisphenols with 4,4ꞌ-bis(4-trifluorovinyloxy)biphenyl (TFVE-BP) which produced
processable fluorinated aryl vinylene ethers (FAVE) polymers containing reactive and
crosslinkable fluoroalkenes in the backbone.11 In addition, the resulting FAVE polymers can be
telechelic in nature possessing intact TFVE end groups susceptible to chain extension via thermal
cyclopolymerization or addition of alternative bis-nucleophiles. These early FAVE polymers
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exhibited good solubility and film forming, however the bisphenol dependent Tg values (34-122
°C) remained undesirably low.10-11 We now extend this work to the polymerization of TFVE-BP
with property enhancing polycyclic aromatic hydrocarbon (PAH) bisphenols, M1-M4, for the
preparation of a new series of FAVE telechelomers P2.1-P2.4, P2.1ꞌ-P2.4ꞌ, and their thermal chain
extended PFCB aryl ether polymers T1ꞌ- T4ꞌ, T1ꞌx-T4ꞌx, T4 and T4ꞌx.
2.3
2.3.1

Polycyclic aromatic hydrocarbon (PAH) bisphenols
Monomer synthesis
The initial work in this chapter focuses on employing the step-growth polymerization of

commercially available bis(trifluorovinyloxy) aryl ether with polycyclic aromatic hydrocarbon
(PAH) bisphenols in a 1:1 molar ratio to afford transparent, film-forming polymers. PAH
bisphenols M1-M4 were prepared using a slightly modified literature method.21,22 Monomers M1M4 were prepared from phenol and 1,2-diketones, acenaphthenequinone and phenanthrenedione,
by methansulfonic acid catalyzed acylation to 1,1-disubstituted bisphenols and subsequent
rearrangement to their 1,2-disubstituted monomers (Scheme 2.2). In general, M1 and M3 were
obtained in good yield by reacting PAH diones each with excess phenol at 80 °C under acidic
proton transfer catalyzed conditions in dichloroethane. Monomers M2 and M4 were obtained via
pinacol-type rearrangement under similar reaction conditions.
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Scheme 2.2

2.3.2
2.3.2.1

Synthesis of polycyclic aromatic hydrocarbon (PAH) bisphenols M1-M4

Monomer Characterizations
Fourier Transform Infrared (FT-IR) spectroscopic analyses of bisphenols M1M4
FTIR analyses of monomers M1-M2 (Figure 2.1) revealed several characteristic bands at

~3290, 1592 (also 1426 and 1368), 1265 (and 1100), corresponding to the presence of O-H
vibration, C=C stretching vibration, C-O vibration (also C-H deformation vibration), respectively.
Despite the significant overlap in the characteristic bands, presence of characteristic band in M1
at 1694 cm-1 (C=O stretching vibration) provided evidence for the partial/complete retention of
diketone in M1. Similarly, in M3 and M4 (Figure 2.1), several common characteristic bands were
observed at 3500-3100, 1589 (also 1504 and 1437), 1220, attributed to the broad O-H vibration,
C=C stretching vibration, C-O stretching (also C–H vibration), respectively. Just like M1,
characteristic band at 1663 cm-1 was observed in M3 (and absent in M4) indicating the presence
of characteristic C=O from the diketone (starting material).
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Figure 2.1

2.3.2.2

Fourier Transform Infrared (FT-IR) spectroscopic analyses of bisphenol M1-M4

Nuclear magnetic resonance (NMR) experiments
13

C-NMR experiments showed the presence of carbonyl signals at ~205 ppm in case of M1

(Figure 2.2) and M3 (Figure 2.3) that were absent in M2 (Figure 2.4) and M4 (Figure 2.5). These
results agree with FTIR experiments, as both FTIR and
mono-or di-substitution of ketones.
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13

C-NMR spectra did not demonstrate

Figure 2.2

13

C-NMR spectrum of M1 in CD3OD
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Figure 2.3

13

C-NMR spectrum of M2 in CD3OD
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Figure 2.4

13

C-NMR spectrum of M3 in CD3OD
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Figure 2.5

1
1

13

C-NMR spectrum of M4 in CD3OD

H-NMR and 2D-NMR experiments were carried out to elucidate the chemical structures.

H-NMR (in methanol-d4) of M1 (Figure 2.6) showed six doublets (d) at 8.22, 7.98, 7.90, 7.42,

6.7, and 7.0, and two doublets of doublet (dd) signals at 7.8 and 7.67, respectively. On the other
hand, 1H-NMR of M2 (Figure 2.9) showed four doublets at 7.78, 7.6, 7.24, and 6.8 and one triplet
signal at 7.56, with the difference between M1 and M2, attributed to the differences in the
symmetry (Cs vs C2v). Heteronuclear multiple bond correlation (HMBC) spectroscopic
experiment (Figure 2.7) was used to fully assign the protons on M1. HMBC experiment showed
the correlation between carbonyl group (205 ppm) on M1 and the two protons (Ha and Hb at 7.98
and 7.8 ppm, respectively) present in the naphthalene moiety, indicating mono-substitution in the
acenaphthoquinone. In addition, heteronuclear single quantum correlation spectroscopic (HSQC)
experiment was carried out on M1 (Figure 2.8) to partially assign the carbons, except the
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quaternary carbons present in M1. The differences in the chemical structures of M3 and M4 were
similarly elucidated by

1

H- and nuclear overhauser effect spectroscopy (NOESY)-NMR

experiments. Like M1, 1H-NMR of M3 (Figure 2.10) showed multiple d and dd signals, with these
signals significantly decreasing in M4 (Figure 2.12), due to the enhanced symmetry in M4. In
addition, NOESY experiments were carried out on M3 (Figure 2.11) and M4 (Figure 2.13) to
fully assign the protons present in both M3 and M4. Also, HSQC NMR was run to assign protons
and carbons correlation of M4 (Figure 2.14).

Figure 2.6

1

H-NMR of M1 in CD3OD
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Figure 2.7

Heteronuclear multiple bond correlation (HMBC) spectroscopy and 1H-NMR of
M1 in CD3OD
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Figure 2.8

Heteronuclear single quantum coherence (HSQC) spectra of M1 in CD3OD
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Figure 2.9

1

H-NMR of M2 in CD3OD
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Figure 2.10

1

H-NMR of M3 in CD3OD
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Figure 2.11

NOESY spectra of M3 in CD3OD

46

Figure 2.12

1

H-NMR of M4 in CD3OH
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Figure 2.13

NOESY NMR spectra of M4 in DMSO-d6
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Figure 2.14

Heteronuclear single quantum coherence (HSQC) spectra of M4 in DMSO-d6

Single crystal X-ray structures were determined for M2 and M4 after slow evaporation of
toluene/methanol as shown in Figure A.11.

2.4

Semi-fluorinated arylene vinylene ether (FAVE) polymers
The step-growth polymerization of PAH bisphenols, M1-M4, prepared from inexpensive

acenaphthoquinone and phenanthrenequinone, with commercially available TFVE-BP monomer
to generate new PAH enchained FAVE thermoplastics is shown in Scheme 2.3. The use of rigid
PAH bisphenols was expected to improve thermal, optical, and physico-chemical properties for
applications in gas separation, photonics, and electronics packaging technologies. The polymers
49

are soluble in common solvents and afforded tough, free-standing, and transparent films (Figure
2.15). Due to the low yield of in synthesizing M2, polymer P2.2 was not prepared in enough
quantity for further characterization. The FAVE polymerizations were performed using NaH or
Cs2CO3 as choice of base in DMF at 60-80 °C for 15 h and gave polymers P2.1-P2.4 (using NaH)
or P2.1ꞌ-P2.4ꞌ (using Cs2CO3) in 79-89% isolated yields after precipitation into CH3OH/H2O
(50/50). The conversion of phenolic and trifluorovinyl ether functional groups were followed by
disappearance of the well-known 19F NMR AMX pattern of TFVE-BP at -120.9 ppm (FA), -128.2
ppm (FM), and -135.5 ppm (FX) as step-growth polymerization proceeded (Figure 2.16). For
example, polymers P2.4 and P2.4ꞌ exhibited a well-defined doublet of doublets (dd) (-O-C(FC)2-)
at -85 ppm and broad fluorine signals (-CFBH-O-) near -141 ppm (Figure 2.16).

Scheme 2.3

Step-growth polymerization of PAH bisphenols M1-M4 with 4,4ꞌ-bis(4`trifluorovinyloxy)biphenyl (TFVE-BP) leading to P2.1-P2.4 (Base = NaH) and
P2.1ꞌ-P2.4ꞌ (Base = Cs2CO3)
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Figure 2.15

Representative photograph of creasible free-standing film of polymer P2.4ꞌ
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FA

FM

FX

(A)
FC

FB

FC

FB

(B)

(C)

Figure 2.16

19

F NMR (470 MHz) in DMSO-d6 of TFVE-BP monomer (A), polymer P2.4 (NaH
base) (B), and polymer P2.4ꞌ (Cs2CO3 base) (C)

Employing sodium hydride as base in anhydrous conditions generates polymers P2.1-P2.4
containing 1,2-difluorovinylene enchainment (both Z/E for -CF=CF-) via phenoxide addition to
the trifluorovinyl ether followed by fluoride elimination. In most cases, hydro-1,2,2-trifluoroethyl
bridges (W = -CHFCF2-) were also observed due to difficult to prevent protonation of the
intermediate (-CF2FC:ˉ-) anion formed upon phenoxide nucleophilic addition (Figure 2.17). The
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19

F NMR spectrum displays both stereoisomers (Z and E) at -121.13 and -122.15 ppm for the Z-

isomer and -128.27 and -128.54 ppm for the E-isomer. The geminal fluorine signal (-CF2-) appears
as an AB pattern at -84.68 and - 85.05 ppm, whereas the lone fluorine (-CHF-) gives a broad
splitting pattern near -141.08 ppm. On the other hand, polymerization using Cs2CO3 produces
P2.1ꞌ-P2.4ꞌ exclusively and fluorovinylene is not observed. Only hydro-1,2,2-fluoroethane (W =
-CHFCF2-) linkages in the backbone are formed.23,24

Nucleophilic addition/elimination to fluorinated alkenes
The strong electron-withdrawing character of the fluorine atoms on the terminal
perfluoroolefins exposes their carbons to the nucleophilic attack. The intermediate (carbanion) that
results from the selective nucleophilic addition to the terminal =CF2 of the trifluoroalkene is either
trapped by an accompanying electrophile leading to hydro-addition product. On the other hand, in
the absence of an electrophile, fluoride ion is eliminated to give vinyl substitution product
primarily at the terminus position (Scheme 2.17 ). In the case where the carbanion is trapped by a
proton source (E = H), subsequent dehydrofluorination by selective choice of base (e.g., NaH) can
also result in vinyl substitution.2 This methodology is illustrated by the fact that employing NaH
or Cs2CO3 selectively affords either vinyl ether or addition products, as shown during the
polymerization by 19F NMR (Figure 2.16).
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Figure 2.17

Routes to different products from the nucleophilic addition to fluoroolefins

Selected properties of FAVE polymers are shown in Table 2.1. Gel Permeation
Chromatography (GPC) of polymers P2.1-P2.4 and P2.1ꞌ-P2.4ꞌ gave number average molecular
weights (Mn) from 30 to 45 kDa vs polystyrene standards with expected step-growth
polydispersities (Mw/Mn) of 1.8 to 2.3 (Figure 2.18). Differential scanning calorimetry (DSC)
analyses of P2.1-P2.4 and P2.1ꞌ-P2.4ꞌ measured glass transition temperatures (Tg) between 150168 °C (Table 1.2, Figure 2.19, and Figure A.1). Tg values were reproducible over subsequent
heating cycles and further thermal events were not observed. Figure 2.19 illustrates representative
Tg determinations of these polymers by DSC and displays data from the third heating cycle for
P2.4 and P2.4ꞌ after heating to 350 °C in nitrogen. Consistent Tg values of 168 and 150 °C were
observed for P2.4 and P2.4ꞌ, respectively. FAVE polymers are known to thermally crosslink via
enchained fluoolefin,11 therefore an expected increase in Tg (P2.4 = 167 °C and P2.4ꞌ = 150 °C)
was revealed. These DSC data and the transparent nature of the films indicate that the polymers
are entirely amorphous. Thermogravimetric analyses (TGA) were performed on P2.1-P2.4 and
P2.1ꞌ-P2.4ꞌ in both nitrogen and air (Figures 2.20, 2.21, Figure A.2 and A.3) and resulted in
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decomposition temperatures (Td) ranging from 469 to 563 °C in nitrogen and 519 to 598 °C in air,
respectively (Table 2.1). For example, P2.4 and P2.4ꞌ showed a single Td in N2 and two distinct
decomposition events in air (Figures 2.20 & 2.21). These patterns were similarly observed as well
for the other FAVE polymers (P2.1, P2.1ꞌ, P2.3 and P2.3ꞌ). FAVE polymer P2.4ꞌ exhibited the
highest Td value in N2 (563 °C). P2.4 gave the highest Td value in air (598 °C) and the highest char
yield among all FAVE polymers. (Table 2.1). In general, these polycyclic aromatic cores resulted
in FAVE polymers with improved thermal properties (Tg and Td) than FAVE polymers prepared
from conventional bisphenols.11

P2.1

P2.3

P2.4
P2.1'

P2.3'

P2.4'
0

Figure 2.18
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Gel permeation chromatogram (GPC) of polymers P2.1-P2.4 and P2.1ꞌ-P2.4ꞌ
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Figure 2.19

DSC thermogram (10 °C/min) of third cycle of polymers P2.4 and P2.4ꞌ in N2
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Thermal decomposition of polymers P2.4 in N2 and air
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Thermal decomposition of polymers P2.4’ in N2 and air
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Table 2.1

Selected properties of polycyclic aromatic FAVE polymers P2.1-P2.4 and P2.1ꞌP2.4ꞌ.

Polymers

GPCa
Mn x 10-3

PDIa

Tgb (°C)

Tdc (°C)
N2/ Air

Isolated Yieldd
(wt %)

Char Yielde
(wt %)

P2.1

33

2.1

164

469/ 537

89

46

P2.1ꞌ

39

1.8

155

509/ 519

82

56

P2.2*

32

-

-

-

-

P2.2ꞌ*

34

-

-

-

-

-

P2.3

38

1.8

168

538/ 596

79

56

P2.3ꞌ

30

2.1

151

555/ 566

85

63

P2.4

45

2.3

167

516/ 598

84

67

P2.4ꞌ

35

2.0

150

563/ 566

86
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a

GPC in THF relative to polystyrene standards. bDSC (10 °C/min) in N2. cMaximum value of
derivative thermogravimetry (DTG) curve in N2 and air. dIsolated polymer yield after
precipitation and dChar yield at 800 °C under N2 for P2.1-2.P4 (NaH base) and P2.1ꞌ-P2.4ꞌ
(Cs2CO3 base). No further data for P2.2* and P2.2ꞌ* were represented due to the low yield in
synthesizing M2 monomer

2.5

Telechelic polymers
Bis(trifluorovinyl) aromatic ethers are well known to undergo thermal [2+2]

cyclopolymerization near 150-210 °C to afford primarily amorphous and processable
perfluorocyclobutyl (PFCB) aryl ether polymers. Therefore we undertook the task of examining
what effect PAH bisphenol monomers (M1-M4) incorporated in telechelic FAVE polymers would
have upon thermal chain extension via the PFCB linkage. The synthesis of polycyclic aromatic
core-containing telechelomers T4 and T1ꞌ-T4ꞌ and their thermal chain extension to PFCBconnected segments was carried out as summarized in Scheme 2.4. While the molecular weights
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were intentionally limited for the telechelics, this strategy provided convenient access to
processable PFCB aryl ether polymers via thermal chain extension.
Selected properties of the polycyclic aromatic telechelomers and their chain extended
PFCB polymers are shown in Table 2.2. Telechelomer T4 was prepared by reacting M4 with a
excess of (TFVE-BP), at 80 °C using the procedure outlined for the preparation of FAVE polymers
P2.1-P2.4 with excess NaH base. The end-capped telechelic polymer T4, polymerized (neat) at
210 °C via [2 + 2] cyclodimerization generating a perfluorocyclobutyl (PFCB) aryl ether (T4x)
(Scheme 2 4). T4 cyclopolymerization was monitored by DSC, which exhibited a broad
polymerization exotherm onset at ~ 181 °C with Tmax at ~ 243 °C (Figure 2.22). Heating of the
telechelic polymer above 220 °C leads to crosslinking of the internal E and Z fluoroalkenylenes.
The resulting crosslinked network did not exhibit a Tg. and was insoluble in common solvents
(Scheme 2.5).11
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Scheme 2.6

Syntheses of trifluorovinyl ether end-capped PAH telechelomers (T4 and T1ꞌT4ꞌ) and their thermal chain extension to perfluorocyclobutyl (PFCB) aryl ether
polymers. T4 was formed using NaH and can undergo thermal crosslinking (>
220 °C producing insoluble network polymers. T1ꞌ-T4ꞌ were made using Cs2CO3
as the base
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B

A

˃ 220 oC
Latent
crosslinking

150-220 oC
Chain
extension

Processable PFCB polymer
-CF=CF2

PFCB ring

-CF=CF-

Scheme 2.7

Table 2.2

Crosslink network

Crosslink junction

Cartoon illustration of telechelomer’s reactivity: chain extension to solution
processable PFCB aryl ether polymers (A), thermal crosslinking via the internal
fluoroolefins, producing insoluble network system (B)

Selected properties of PAH containing FAVE telechelomers and chain extended
PFCB polymers.
Tgb (°C)

T4, T4x

GPCa
Mn x 10-3
5.9, 14.2d

-, 149d

Tdc (°C)
N2/ Air
547/587, 581d/590d

T1ꞌ, T1ꞌx

6.3, 13.1d

189, 174d

543/620, 548d/633d

T2ꞌ, T2ꞌx

5.3, 11.2

-

-

T3ꞌ, T3ꞌx

6.1, 17.4d

152, 154d

540/629, 550d/631d

T4ꞌ, T4ꞌx

5.4, 15.1d

172, 163d

546/638, 546d/628d

Telechelomers

a

GPC in THF using polystyrene standards. bDSC (10 °C/min) in a nitrogen, third heating.
Maximum value of derivative thermogravimetry (DTG) curve in N2 and air of telechelic
polymers. dChain extension PFCB polymers after heating at 210 °C. No data for T2 and T2ꞌx
were represented due to the low yield in synthesizing M2 monomer
c
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Tmax = 243 °C
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Figure 2.20
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Chain extension polymerizatoin of telechelomer T4 (cycle 1 & 3) by DSC (10
°C/min) to crosslinked PFCB containing network T4x

Telechelic FAVE polymers T1ꞌ-T4ꞌ were synthesized in the same way as T4 from M1M4, respectively, using Cs2CO3 as the base. Then T1ꞌ-T4ꞌ were converted to PFCB T1ꞌx-T4ꞌx
respectively, by thermal chain extension at 210 °C (Scheme 2.4). The chain extension of
telechelomers T4 and T1ꞌ-T4ꞌ were followed using 19F NMR by monitoring the diseapperance of
the well-known AMX pattern signals and the appearence of new PFCB signals (Figures 2.23 and
2.23). The internal fluorovinylene (both Z/E for -CF=CF-) and fluoroethylene (-CHFCF2-) linkers
donot react appreciaably below 210 °C and only slight changes in chemical shifts were noted.
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(A)
T4

FM

FA

FC

FX

FB

(B)
T4x
FB

FC

Figure 2.21

19

F NMR in DMSO-d6 of telechelomer T4 from M4 prepared via NaH (A); chain
extended PFCB polymer T4x showing unreacted internal and terminal
fluoroalkene (B)
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(C)
T4ꞌ

FB

FC
FA

FM

FX

(D)

T4ꞌx
FB
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Figure 2.22

19

F NMR in DMSO-d6 of telechelomer T4ꞌ from M4 core prepared via Cs2CO3
(C); and chain extended PFCB polymer T4ꞌx showing PFCB and trace
fluoroalkene signals (D)

The themal chain extension of FAVE telechelomers with no internal (both Z/E of -CF=CF) group is exemplified using T4ꞌ, originally made by employing Cs2CO3 to incorporate M4. The
solid (neat) T4ꞌ was subjected to thermal polymerization at 210 °C for 2 h under nitrogen, giving
the PFCB polymer, (T4ꞌx). The thermal [2 + 2] cyclopolymerizations of T1ꞌ-T4ꞌ were monitored
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by DSC at 10 °C/min ramp rate. The first heating cycle of T4ꞌ triggered two thermal events. A
broad polymer melting endotherm occurred at ~ 115 °C followed by a slow polymerization onset
at ~ 168 °C reaching a maximum at ~ 250-280 °C. During the third heating cycle the resulting
T4ꞌx displayed a Tg transition of 172 °C (Figure 2.25). The DSC of thermal extension
polymerizations of T1ꞌ and T3ꞌ, don’t show any melting points but polymerization onsets at ~ 162
and ~ 175 °C for T1ꞌ and T3ꞌ, respectively. During the third heating cycle the resulting T1ꞌx and
T3ꞌx displayed Tg transitions of 189 and 152 °C, respectively (Figures A.4-A.6).

Heat flow in a.u
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T4'

Tonset = 168 °C
Tmax = 245 °C
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Figure 2.23

Chain extension polymerizatoin of telechelomer T4' (cycle 1 & 3) by DSC (10
°C/min) to linear PFCB containing polymer T4'x
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Thermogravimetric analyses (TGA) were performed on T4, T4x, T1ꞌ-T4ꞌ and T1ꞌx-T4ꞌx
in both nitrogen and air to determine their thermal stabilities (Figures 2.26. and Figures A.7A.10). TGAs show decomposition temperatures (Td) ranging from 540 to 631 °C in nitrogen and
546 to 633 °C in air (Table 2.2). T4 shows two distinct thermal decompositions in N2 as well as
in air (Figure 2.26).
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100

Thermal decomposition of telechelomer T4 (A); PFCB polymer T4x (B);
telechelomer T4ꞌ (C) and PFCB polymer T4ꞌx (D)
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High molecular weight FAVE polymers, telechelic oligomers, and chain extended PFCB
polymer films were prepared by spin-coating on glass plates as described in the experimental
section to assess their wettability, surface energy, and their coating uniformity. The static water
contact angles (CA) were determined to be 79 ± 2° for FAVE polymer P2.4ꞌ. The higher fluorine
contents in telechelomer T4ꞌ and chain extended PFCB T4ꞌx coatings have CAs of 90 and 91°,
respectively, illustrating their hydrophobic nature (Figure 2.27). Surface roughness results by
AFM (Figure 2.27) exhibited an average roughnesses (Ra) for P2.4ꞌ, T4ꞌ and T4ꞌx of 0.38, 1.85
and 1.74 nm, and root mean square roughnesses (Rq) of 0.50, 2.29 and 2.75 nm, each respectively.
The AFM data supports the hydrophobic nature of T4ꞌ and T4ꞌx perhaps due to their higher
fluorine content.
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Figure 2.25

2.6

Water contact angles (CA) for FAVE polymer P2.4ꞌ, telechelomer T4ꞌ and chain
extended PFCB T4ꞌx film on glass (A); AFM images of aromatic FAVE polymer
P2.4ꞌ, telechelomer T4ꞌ and PFCB T3ꞌx on glass (5 x 5 microns): 2D images (B)
and 3D images (C)

Conclusion and suggestion
The step-growth polymerization of PAH bisphenols with commercially available 4,4ꞌ-

bis(4-trifluorovinyloxy)biphenyl monomer gave polycyclic aromatic core-containing fluorinated
arylene vinylene ether (FAVE) telechelomers and their chain extended perfluorocyclobutyl
(PFCB) polymers. Polycyclic aromatic core enchainment in FAVE polymers were readily soluble
in common solvents and tough, transparent, free-standing films exhibited exceptional thermal
stabilities under N2 and air. These new semi-fluorinated polymers containing controlled terminal
and enchained fluoroalkenylene and latent reactivity such as crosslinking may find use in specialty
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applications such as photonic or high performance gas separation technologies. Beside Cs2CO3
and NaH, LDA was used in attempt to prepare FAVE telechelomers with high percentage of
internal fluoroolefin content. However, this proven not to be an efficient tactic to obtain
unsaturated telechelomers. Therefore, exploring other more bases and catalysts is suggested.
FAVE polymers are known to thermally crosslink via enchained fluoroolefins with increased Tg
as expected. The details of the crosslinking reactions and post polymerizations were not studied in
substantial detail. These should be considered for future work, particularly with emphasis on
crosslinking agent bearing olefin functions.
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CHAPTER III
PERFLUOROCYCLOHEXENYL (PFCH) AROMATIC ETHER POLYMERS FROM
PERFLUOROCYCLOHEXENE AND POLYCYCLIC AROMATIC BISPHENOLS
This work has been previously published: Perfluorocyclohexenyl (PFCH) aromatic ether
polymers from perfluorocyclohexene and polycyclic aromatic bisphenols aryl ethers. Ganesh
Narayanan, Behzad Faradizaji, Karl M. Mukeba, Ketki E. Shelar, Maleesha De Silva, Amanda
Patrick, Bruno Donnadieu and Dennis W. Smith, Jr. Polym. Chem. 2020, 11, 5051.
3.1

Abstract
Perfluorocycohexenyl (PFCH) aromatic ether polymers were synthesized by step-growth

polycondensation

of

polycyclic

aromatic

hydrocarbon

(PAH)

bisphenols

and

decafluorocyclohexene (DFCH) affording a new class of unsaturated semi-fluoropolymers
containing the rigid PAH linkage. Two acenaphthenequinone and two phenanthrenedione derived
PAH bisphenols underwent base mediated step-growth vinyl addition/elimination polymerization
with DFCH to give polymers with well-defined unsaturation, moderate molecular weights, and
variable glass transition (Tg) and thermal decomposition (Td) temperatures based on the starting
PAH bisphenol monomer. With one exception exhibiting a low degree of crystallinity, PFCH
polymers with PAH bisphenols were amorphous with Tg ranging from 184 to 240 °C. The new
polymers contain intact unsaturation and reactive PAH moieties amenable for selective postpolymerization functionalization and crosslinking.
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3.2

Introduction
Traditional fluoropolymers demonstrate exceptional chemical resistance, biological

inertness, thermal stability, low surface energy, low moisture absorption, and low dielectric
constant.1 These attributes present fluorinated polymers as competitive materials for optics,
photonics, medical devices, filtration, gas separation, fuel cells, and anti-fouling applications.1,2
Although fluoropolymers demonstrate exceptional properties, highly fluorinated or perfluorinated
polymers are limited generally due to poor processability from both solution and melt in addition
to the cost of life cycle waste management. Due to these limitations, semi-fluorinated or
perfluorinated polymers that are easily processed yet retain high performance properties are
desired.3 Among the classes of semi-fluorinated polymers explored, perfluorocyclobutyl (PFCB)
aromatic ether polymers, originally invented by the Dow Chemical Company, remain one of the
most extensively studied. 4,5 PFCB polymers are obtained by the catalyst and initiator free, (2+2)
radical-mediated thermal cyclodimerization of trifluorovinylether (TFVE)-bearing monomers in
solution or melt. The resulting PFCB aromatic ether polymers have been evaluated for diverse
applications ranging from optoelectronics to polymeric fuel cell membranes.5 Alternatively, semifluorinated arylene vinylene aromatic ether (FAVE) polymers are prepared via step-growth
condensation polymerization of bis-TFVE monomers with bisphenols6,7 Like PFCB polymers,
FAVE polymers provide tunable properties, high thermal stabilities, and access to postfunctionalization leading to chain extension and or crosslinking.6,8 More recently, our group
reported the synthesis of perfluorocycloalkenyl (PFCA) containing polymers via base mediated
step-growth vinyl addition/elimination polymerization of perfluorocycloalkenes with commercial
bisphenols

(biphenol,

bisphenol-A,

and

bisphenol-AF).9–11

Commercially

available

octafluorocyclopentene (OFCP) and decafluorocyclohexene (DFCH), have reactive fluoroalkene
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groups that are susceptible to nucleophilic addition/elimination with a range of nucleophiles such
as phenoxides,12 amines,13 Grignard reagents,14,15 and azoles.16 As the most extensively studied
fluoroalkene, OFCP has been used as a versatile building block for the synthesis of semifluorinated aryl ether polymers bearing bismaleimide,17 amines,18 benzoxazine,19 triarylamine,20
in addition to phenolic moieties.9,21 In contrast, the use of DFCH towards synthesis of PFCH aryl
ether polymers via nucleophilic addition/elimination has been limited to commercially available
bisphenols.10 The enchainment of polycyclic aromatic hydrocarbon (PAH) is expected to reveal
enhanced thermal, dielectric, and gas separation properties that are otherwise unattainable from
commercial bisphenol-derived polymers. Here we report the use of readily available
acenaphthenequinone and phenanthrenequinone-based PAH bisphenol monomers in this unique
step-growth condensation polymerization with DFCH (Scheme 3.1). The polymers reported herein
were not known previously and serve as a platform for developing semi fluorinated polymers
containing more advanced PAHs such as fullerenes, and buckybowl like architectures.

Scheme 3.1

General Synthesis of Semi-fluorinated PFCA Aryl Ether Polymers
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3.3

Results and Discussion
Monomers M1-M4 (Figure 3.1) were synthesized from phenol and 1,2-diketones,

acenaphthenequinone and phenanthrenedione, by methansulfonic acid catalyzed acylation to 1,1disubstituted bisphenols and subsequent rearrangement to their 1,2-disubstituted monomers. The
detailed preparation and characterization methods using standard analytical techniques (FT-IR;
1

H-, 19F-, 13C-NMR spectroscopy; and HR-MS) are given in chapter II.

Figure 3.1

3.3.1

Polycyclic aromatic hydrocarbon bisphenol monomers M1-M4 used to prepare
(PFCH) aromatic ether polymers

Polymer characterizations
Initial polymerization conditions were chosen based on previous studies wherein the effects

of catalysts and solvents for the polymerization of DFCH and commercial bisphenols were
investigated.9,20 Based on these studies which demonstrated higher yields and good molecular
weight with moderate PDI, N,N-dimethylformamide and triethylamine were chosen as solvent and
base, respectively. Due to the low boiling point of DFCH (~60 °C), initial polymerization (Scheme
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3.2) was carried out at low temperature (25 °C for 12) and then increased to 80 °C at which time
aliquots of the polymerization solution were subjected to analyses

Scheme 3.2

Synthesis of perfluorocyclohexenyl aromatic ether polymers containing PHA via
step-growth addition/elimination polymerization

The molecular weight data for P3.1–P3.6 were obtained by gel permeation
chromatographic (GPC), and the raw chromatograms are shown in Figure 3.2 (summarized in
Table 3.1). The number average molecular weight (Mn) values of polymers P3.1–P3.4 ranged
from 7,000 to 12,000. On the other hand, P3.5 obtained from the polycondensation of DFCH with
bisphenol-A (BPA) yielded Mn of ~14,000. For polymerization temperatures below 80 °C, an
increase in molecular weight with broad multi-modal distribution was observed and continued for
several hours. Soxhlet extraction using methanol and hexane at 80 °C resulted in less broad
molecular weight distributions for P3.1-P3.6 (Figure 3.2 and Table 3.1). To further drive the
molecular weights of the PFCH polymers, polymerization of M1 and M3 with DFCH was carried
out at 120 °C affording PFCH polymers P3.7 and P3.8. In addition, the regio-selectivity of PAH
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diketone substitution with phenol also played a key role in competing branching mechanisms for
reactive lone ketone-containing monomers and therefore their resulting polymer molecular weight
distributions. For example, both P3.1 and P3.3 containing 1,1-disubstitution demonstrated higher
PDI (8.5 and >10, respectively) compared to polymers P3.2 and P3.4 containing 1,2-disubstitution
with lower PDI (4.5 and 6.5, respectively). Increasing the polymerization temperature to 120 °C
and lowering the reaction times (6 h) increased the molecular weight as expected for P3.7 (14,000)
and P3.8 (13,000) and gave slightly lower PDI values. In general, without regard to branching
mechanism, increased molecular weights accompanied by lower PDI was observed.

P3.1
P3.2
P3.3
P3.4
P3.5
P3.6

Figure 3.2

Gel Permeation Chromatograms for polymers P3.1–P3.6
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The polymers P3.1-P3.6 were characterized by FTIR (Figure 3.3 and Figure 3.4).
Characteristic bands exist for DFCH and bisphenol enchainment, e.g., C-F stretching vibrations of
DFCH (⁓1200 cm-1),11 Ar / C=C vibrations (1600, 1545, and 1513 cm-1), and strong C=O
stretching vibrations near 1700 cm-1 for ketone containing polymers P3.1, P3.3, and P3.6. For all
polymers, the ether (C-O-C) linkage was observed by the presence of two sharp bands (998-995
and 974-968 cm-1)22. The 1H-NMR spectra for P3.1-P3.6 (Figure 3.5 and Figures B.1and B.2)
gave very broad signals and were not useful for end group analysis. The presence of fluoroalkenes
in P3.1-P3.6 were clearly identified by 13C-NMR signals ranging from 105 to 143 ppm ascribed
to DFCH as shown in Figure 3.6. To investigate the polymerization and substitution mechanism,
19

F-NMR data were used for polymers P3.1-P3.6 where vinylic substitution dominates the spectra

depicted as two major signals observed near -115 and -133 ppm (Figure 3.7). As similarly found
for PFCH polymers previously,11 evidence for allylic substitution was also observed by the trace
signals as indicated in Figure 3.7 and Figure B.3.

Figure 3.3

P3.2

P3.4

P3.1

P3.3

Fourier transform infrared analyses of P3.1-P3.4 between the wavelengths 2000 and
400 cm
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P3.5

P3.6

Figure 3.4

Fourier transform infrared analyses of P3.5 and P3.6 between the wavelengths
2000 and 400 cm

Figure 3.5

1

H NMR of P3.1 in CDCl3
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PFCH carbons

Figure 3.6

13

C NMR (in CDCl3) of polymers P3.1 (top), P3.3 (center), and P4.4 (bottom)
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Figure 3.7

3.3.2

19

F NMR spectra of polymers P3.1, P3.3, and P3.4

Thermal studies of polymers
Thermal properties in terms of glass transition (Tg), melting (Tm), and crystallization (Tc)

behavior were determined by DSC for all PFCH aryl ether polymers P3.1-P3.6 (Figure 3.8). For
example, P3.1 exhibited a Tg of 222 °C, which was reproducible over four heating cycles. No other
thermal events, i.e., melting or crystallization, were observed for P3.1. Polymer P3.2, on the other
hand, showed a Tg at 184 °C, and surprisingly, a clear melting (Tm) transition was observed at 231
°C (∆Hm= 2.3 J/g) which was reproducible over four heat-cool-heat cycles and exhibited
crystallization behavior (Tc = 239 °C, ∆Hc = 3.2 J/g) even at relatively high cooling rates (10
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°C/min) (Figure 3.9). Like P3.1, P3.3 (ketone enhanced) showed reproducibly high Tg (~240 °C)
in all four heating cycles with no melting or crystallization detected. Whereas P3.4, which is
similar to 1,2-disubstituted P3.2, gave a Tg (208 °C) in between P3.2 (184 °C) and P3.3 (240 °C).
The larger aspect ratio of the phenanthrene PAH in P3.4 may explain the higher Tg vs. P3.2 while
the exact origin of the crystallinity behavior of the latter remains elusive. For comparison, PFCH
polymer P3.5 prepared from bisphenol-A (BPA) and DFCH gave the lowest Tg (~120 °C) as
expected and is consistent with the reported literature.11 The random copolymer P3.6, obtained
from copolymerization of M3 and BPA with DFCH, showed an intermediate Tg (~171 °C) with
no sign of melting or crystallization (summarized in Table 3.1). More importantly, the
demonstration to access copolymers such as P3.6 from M3 and BPA may lead to the control of
branching and molecular weight distribution, while retaining reasonably high Tg. In all cases, these
new PFCA polymers each contain a reactive fluoroalkene linkage from which post-polymerization
modification and/or crosslinking can occur as previously shown.9–11
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P3.6
P3.5
P3.4
P3.3
P3.1

Figure 3.8

Differential scanning colorimetric (DSC, 10 °C/min) analyses of P3.1-P3.6 fourth
heating cycle
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Figure 3.9

Differential scanning colorimetric (DSC, 10 °C/min) analyses of P3.2 second and
fourth heating cycles

The thermal stability of polymers P3.1–P3.6 were estimated in N2 and air by
thermogravimetric analyses (TGA) and summarized in Table 3.1. TGA analyses exhibited high
thermal stability for P3.1 (Td 5% = 365 °C), closely followed by P3.3 (361 °C). P3.2 and P3.4
from 1,2-disubstituted bisphenols showed thermal stabilities of 346 and 260 °C, respectively,
whereas P3.5 and P3.6 gave intermediate thermal stabilities (Td 5% = 314 and 373 °C). In spite of
the differences in the thermal stabilities, char yield for P3.1–P3.4 remained within close proximity
(~57%). Under air, thermal stabilities estimated by gravimetric loss (Td 5%) of P3.3 (373 °C) were
higher over P3.2 and P3.1 (366 °C). Just like under N2, P3.4 showed the lowest thermal stability
of all homopolymers from as-synthesized bisphenols.
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Table 3.1

Selected properties of PFCH polymers P3.1-P3.8

Polymers

Molecular weighta

Tgb
(°C)

Tmb
(°C)

222

-

Temp at 5% wt loss
(°C)c
N2
air
365
366

Yield at 800
°C
(%)d
57

P3.1

Mn (x 10-3)
12

Mw/Mn
9

P3.2

7

5

184

231

346

366

58

P3.3

7

>10

240

-

361

373

58

P3.4

8

6

208

-

260

356

61

P3.5*

14

2

120

-

313

331

45

P3.6

10

2

171

-

373

357

43

P3.7

14

5

220

-

428

397

57

P3.8

13

9

146

-

405

395

59

a

Molecular weight data from TOSOH EcoSEC HLC-8320 GPC in THF vs polystyrene standards.
Glass transition temperature from the second cycles. c5% weight loss under N2 and air d Char yield
(at 800 °C) under N2. *P3.5 was prepared from bisphenol A (BPA) and DFCH.P3.7 and P3.8 were
prepared at higher temperature (120 °C)
b

3.3.3

Thermal crosslinking of perfluorocyclohexenyl (PFCH) aromatic ether polymers
Crosslinking process occurs when the polymer is substantially linear and contains active

sites. These PFCH polymers contain a reactive fluoroalkene linkage from which controlled
crosslinking can occur. Thermal treatment (300 °C) of PFCH containing polymer using DSC in
nitrogen revealed a crosslinking via the vinylene enchained repeat units (Scheme 3.3). The
inspection of the DSC pan produced an insoluble, black glass-like solid as shown in Figure 3.10.
Thermal crosslinking alters the physical as well as the chemical structure of the polymers , and the
accompanying changes in some of the properties (e.g., thermal and chemical resistances) of the
material result in improved properties for specific applications. Internal olefins are known to
undergo radical-initiated polymerization. Therefore, chemical reactivity of the PFCH containing
polymers was investigated. Attempts to react PFCH polymer containing vinylene groups with
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azobisisobutyronitrile (AIBN), benzoyl peroxide (BPO), and n-butyl lithium resulted in an
apparent unreacted material after 24h of reactions. Also attempts to produce Diels-Alder adducts
by reaction with cyclopentadiene (solution) as well as reaction with polystyrene or methacrylate
also failed to activate the internal olefin. However, thermal treatment of these polymers using DSC
analysis in nitrogen revealed an insoluble network. Details of the thermal crosslinking mechanism
of the internal olefins via thermal activation remain unclear and not well understood. Therefore,
investigating the crosslinking of the internal vinylene functions of the PFCH polymers are the
subject of the future work.

Scheme 3.3

Thermal crosslinking of the internal vinylene groups of PFCH containing polymer
P3.4
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P3.4 at rt
Figure 3.10

3.3.4

P3.4 > 300 °C

Photos showing DSC pans of P3.4 at rt and after heating at 350 under nitrogen

Contact angle measurements and AFM study
In order to study the surface wettability of the PFCH aromatic ether polymers, water

contact angles (CA) were measured on glass substrates spin-coated with polymers P3.1–P3.4
(Figure 3.11a). The static water contact angles (CA) were determined to be 90  1, 91  1 , 96 
3, and 97  1 for P3.1, P3.2, P3.3, and P3.4 respectively. Copolymers P3.1–P3.4 exhibited CA
values  90°, illustrating their hydrophobic nature (Figure 3.11 (a)). This hydrophobic behavior
can be attributed to the inherently low surface energy character of fluorine containing materials.1
AFM is a useful technique that provides, not only surface morphology of materials, but
also information on their mechanical and electrical properties down to the micro- and
nanoscale.23,24 Figure 3.11b-e presents the AFM images of P3.4, along with its DMT modulus,
deformation, and contact current maps. The 3D topology shown in the inset of Figure 3.11b
reveals the formation of a polymeric film with a root-mean square (Rq) and average (Ra) roughness
values of 88.1 and 57.2 nm, respectively, further corroborating the hydrophobic feature of P3.4.
The distribution of both the DMT modulus (Figure 3.11c) and deformation (Figure 3.11d) is
generally even throughout the P3.4 film except for some darker areas (with rougher regions),
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which appear to be less stiff compared to the brighter portions. This observation suggests the
impact of roughness on the surface mechanical properties of the polymeric film.23 On the other
hand, the surface electrical property appears to be unaffected by the roughness, as evidenced by
the even distribution of conductivity in the contact current map (Figure 3.11e).

P3.1

Figure 3.11

3.4

(a)

P3.3

90 ± 1°

96 ± 3°

P3.2

P3.4

91 ± 1°

97 ± 1°

Water contact angle of P3.1-P3.4-coated substrates (a). AFM image of P3.4 (inset:
3D image) (b), and its DMT modulus (c), deformation(d), and contact current maps
(e).

Conclusion and suggestion
The step-growth polymerization of perfluorocyclohexene (DFCH) with polycyclic

aromatic hydrocarbon-enchained bisphenols from acenaphthoquinone and phenanthrenedione
afforded a series of new unsaturated semi-fluorinated PFCH aromatic ether polymers. Regioselectivity of ketone di-substitution played a key role in the molecular weight, branching, glass
90

transition/melting, and the thermal stabilities of the polymers. In general, homopolymers of PAH
bisphenols led to higher than usual Tg values (>200 °C vs <150 °C for bisphenols such as biphenol,
bisphenol-A or bisphenol-AF). Within this new class of PAH bisphenols, polycondensation of
DFCH with 1,1-disubstituted bisphenols (P3.1 and P3.3), led to not only higher Tgs, but also led
to inevitably higher degrees of branching (GPC data). This study further demonstrated the
preference of higher reaction temperatures (120 °C) to favor kinetics of linear polymerization vs.
branching to obtain high molecular weights with lower PDI. The new unsaturated polymers can
be utilized for post-polymerization modifications or thermal crosslinking for in-process or inapplication chain extension and network formation. One of the foremost challenges in synthesizing
high molecular weight PFCH aryl ether polymers is maintaining exact stoichiometry, especially
given the volatility of the DFCH monomer. One mitigation strategy is the synthesis of
bis(perfluorocycloalkenyl) monomers by reacting bisphenols with excess of DFCH in presence of
triethyl amine.
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CHAPTER IV
SEMI-FLUORINATED POLY(ARYL ETHER SULFONE)s VIA STEP-GROWTH
POLYMERIZATION OF PERFLUOROCYCLOHEXENE WITH
BISPHENOLS
Paper submitted to Polymer (Elsevier)
4.1

Abstract
Perfluorocyclohexene

(PFCH)

undergoes

step-growth

polymerization

and

copolymerization with variable sulfone and polyaromatic containing bisphenols in the presence of
triethyl amine under mild conditions affording a new class of semi-fluorinated poly(aryl ether
sulfone)s. The apparent vinyl addition/elimination mechanism provides regio-selective vinyl vs.
allylic substituted polymers with reactive 1,2-diaryloxyvinylene linkages in the main chain.
Moderate to high molecular weight (ca. 50 kDa) polymers gave tough, creaseable films from
solution with excellent transparency, and variable refractive indices ranging from 1.61 to 1.65 (at
589.2 nm). The amorphous sulfone copolymers exhibited glass transition temperatures (Tg)
ranging from 122 to 225 °C and thermal stabilities with decomposition temperatures (Td at 5% wt.
loss) ranging from 336 to 404 °C in N2. Enchained PFCH vinylene ether groups provide competing
but controllable branch sites during later stages of polymerization and further serve as effective
targets for post-polymerization functionalization or simple thermally induced crosslinking. Semifluorinated poly(aryl ether sulfone) thermoplastics and tailored networks are pursued for optical,
electronic, and gas separation applications.
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4.2

Introduction
High-performance fluoropolymers have received decades of attention for use in aerospace,

automotive, medical devices, electronic, chemical, and food industry applications.1,2 While
polysulfones and functionalized polysulfones have received much attention,3,4 the synthesis of
high molecular weight poly(arylene ether sulfone)s has enjoyed most success using the stepgrowth condensation of bisphenols with bis(4-chlorophenyl)sulfone, pioneered by McGrath.5–7
Solvay’s Udel8,9 (Scheme 4.1) is an important commercial polysulfone from bisphenol-A prepared
by this route. Although rare, polymers incorporating both fluorocarbon and aryl ether are proposed
candidates for engineering materials and composites due to their high glass transition temperatures,
good mechanical properties, excellent thermal stability, and good chemical resistance.3,10–12

Scheme 4.1

Commercial bisphenol-A based poly (aryl ether sulfone), e.g., Solvay’s Udel

This work presents the synthesis of aryl ether sulfone containing PAH and semi-fluorinated
aryl ether sulfone homopolymers and copolymers via step-growth addition-elimination
polymerization of variable bisphenols, including bis(4-hydroxyphenyl)sulfone, with commercial
decafluorocyclohexene (PFCH). Although chain growth polymerization of highly fluorinated
olefin monomers is most famous and typically affords highly crystalline perfluoropolymers, these
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materials demand intense melt processing conditions due to their high crystallinity and poor
solubility.13 Numerous contemporary synthetic routes have focused on preparing amorphous semifluorinated polymers with improved solubility and processability. For example, our group has
pioneered the synthesis of semi-fluorinated arylene vinylene ether (FAVE) polymers via stepgrowth polymerization of trifluorovinyl ether (TFVE) end group containing monomers or
oligomers with bisphenols (Scheme 4.2).14,15 The resulting FAVE polymers are telechelic –
possessing intact TFVE end groups – when a slight excess of TFVE monomer is used. Wellestablished TFVE terminal groups thermally cyclodimerize to form perfluorocyclobutyl (PFCB)
aryl ether polymers, and in the case for FAVE chemistry, provide the option of PFCB chainextension.16–19 Our group has also reported the synthesis of perfluorocycloalkene (PFCA)
containing polymers via step-growth polycondensation of bisphenols with octafluorocyclopentene
and/or decafluorocyclohexene (DFCH) (Scheme 4.2) under basic conditions.20,21 These PFCA
containing polymers exhibit good solution processability and variable thermal properties
depending on choice of bisphenol.
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Scheme 4.2

4.3

General synthetic routes to semi-fluorinated arylene vinylene ether (FAVE),
perfluorocyclobutyl (PFCB), and perfluorocycloalkene (PFCA) materials

Poly(arylene ether sulfone)s containing polycyclic aromatic hydrocarbons (PAH)
cores
Poly(arylene ether sulfone)s, PAESs, constitute an important class of high performance

engineering materials.1(22) They are amorphous and the most important commercial members of
the poly(arylene ether) family.1,2 (22,23) Desirable PAES properties include good thermal stability,
high dimensional stability, low coefficient of thermal expansion, excellent mechanical strength,
good retention of modulus at high temperatures, radiation resistance, and good chemical
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resistance.3,4 (24,25) PAESs exhibit glass transition temperatures (Tg) ranging from 160 to 200 °C1
because their backbone are composed of aromatic aryl ether linkages, along with the polar sulfonyl
groups.5 (26) The repeating aromatic rings cause steric hindrance to the rotation in the polymer
backbone.6 (27) Additionally, these repeating aromatic rings can be electronically deactivated by
the adjacent -SO2- groups. Both factors make PAES suitable for engineering applications.

7(28)

PAESs have a wide range of applications as adhesives, high performance composites, medical
devices, protective coatings, ultrafiltration membranes and proton exchange membranes.8–10 (29-31)
The first commercial poly(arylene ether sulfone), brand named “Udel,” was introduced by Union
Carbide (now Solvay) in 1965. Some major commercially available PAESs by Solvay are shown
in Figure 4.1.11–13(32-34)

Figure 4.1

Representative structures and Tg values of important commercially available PAESs
from Solvay11–13(32-34) including Udel, Veradel, and Radel
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In general, nucleophilic aromatic substitution and electrophilic aromatic substation are the two
synthetic routes employed to prepare PAESs from different monomers (Scheme 4.3).
Nucleophilic aromatic substitution (NAS)
Nucleophilic aromatic substitution has been the most important route to PAESs.14–18 (35-39)
A broad range of poly(arylene ether sulfone)s have been prepared from various monomers by the
nucleophilic aromatic polycondensation. Aromatic dihydroxy compounds and bis-(halophenyl)
sulfones are commonly used.15 (36) Johnson, et al.16–18 37-39 reported the synthesis of PAES by this
path for the first time. Bisphenol A was converted into its disodium-phenolate salt followed by the
polycondensation with 4,4'-dichlorodiphenyl sulfone under anhydrous conditions from 150 to 180
°C in NMP15 (36) (Scheme 4.3).

Scheme 4.3

General routes to PAES15 by nucleophilic aromatic substitution from
dichlorodiphenyl sulfone and bisphenolate salt at ⁓180 °C (A) and by electrophilic
aromatic substitution in the presence of Lewis acid to afford Astrel 360 (B)
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PAESs can also be prepared via electrophilic aromatic substitution14,19(35,40) by reacting an
aromatic sulfonyl chloride with an aromatic ether in the presence of a Lewis acid (FeCl3, AlCl3, or
BF3).19

(40)

(Scheme 4.3). The first commercial poly(arylene ether sulfone), Astrel 360 (3M

Company)19,20 (40,41) was prepared this way. Astrel 360 manufacture was discontinued in 1976 due
to solubility/melt preparation difficulties and to the availability of more affordable nucleophilic
polysulfonylation methods.15,21(36,42)
The preparation of new polymers containing PAH cores and aryl ether sulfone repeat units
is shown in Scheme 4.4. Polymers P4.1, P4.2 and P4.3 were prepared via the well-known
nucleophilic aromatic substitution route using K2CO2 as the base and N-methyl-pyrrolidone as the
dipolar aprotic solvent. Table 4.1 illustrates the selected properties of P4.1, P4.2 and P4.3.
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Scheme 4.4

Synthesis of poly(aryl ether sulfone)s containing polyaromatic cores prepared via
nucleophilic aromatic substitution of PAHs with bis(4-chlorophenyl) sulfone in a
1:1 ratio

101

Table 4.1

Selected properties of poly(aryl ether sulfone)s, P4.1, P4.2 and P4.3, prepared from
PAH bisphenols with 4,4'-dichlorodiphenyl sulfone in a 1:1 ratio

Polymers

Mna
(kDa)

PDIa

Tg b
(°C)

Isolated Yieldd
(wt %)

248

Tdc
(°C)
N2/air
502/496

P4.1

57

2.0

P4.2

42

2.0

235

499/494

91

P4.3

54

2.0

240

468/400

86

88

a

GPC in THF relative to polystyrene standards. bDSC (10 °C/min) in argon, third heating. cTGA
onset at 10 °C/min in nitrogen and air. dIsolated polymer yield after precipitation.

The thermal stabilities of copolymers P4.1, P4.2 and P4.3, estimated in N2 and air by
thermogravimetric analyses (TGA) (Figures 4 2-4.4), are summarized in Table 4.1. These
copolymers exhibited reasonably high thermal stabilities and a one-onset decomposition pattern in
N2 as well as in air. In nitrogen, the decomposition temperature (Td) at 5% weight loss ranged from
468 to 502 °C. P4.1 and P4.3 exhibit 5% weight losses in N2 and air close to 500 °C. Differential
scanning calorimetry (DSC) analyses displayed glass transition temperatures of 248, 235, and 240
respectively, for P4.1, P4.2 and P4.3 after the third heating cycle to 350 °C at a 10 °C/min in N2.
These Tg values were reproducible over subsequent heating cycles and additional thermal events
(e.g., melting, crystallization, crosslinking) were not observed. GPC of P4.1, P4.2 and P4.3 gave
number average molecular weights (Mn) of 57, 42, and 54 kDa respectively, for P4.1, P4.2 and
P4.3 vs polystyrene standards with expected step-growth polydispersities (Mw/Mn) of 2.0.
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Figure 4.2

Thermal stability profiles of copolymer P4.1 in N2 and air.
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Figure 4.3

Thermal stability profiles of copolymer P4.2 in N2 and air.
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Thermal stability profiles of copolymer P4.3 in N2 and air.

In summary, poly(arylene ether sulfone)s containing polycyclic aromatic hydrocarbons (PAH)
cores P4.1, P4.2 and P4.3 were successfully synthesized by nucleophilic aromatic substitution of
PAH containing monomers with commercial bis(4-chlorophenyl)sulfone.
4.4

Three routes to semi-fluorinated poly(arylene ether sulfone)s
Traditional polysulfones are prepared via nucleophilic aromatic substitution which

required high temperature and anhydrous reaction conditions. The polymerizations of
perfluorocycloolefins or bis(trifluorovinyl) aryl ethers as building blocks combined with the
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bisphenol S leads to semi-fluorinated polysulfone prepared by nucleophilic addition-elimination
under mild conditions. Decafluorocyclohexene (DFCH), octafluorocyclopentene (OFCP) and
bis(trifluorovinyl) aryl ethers are reactive olefins susceptible to nucleophilic attack under basic
conditions, followed by fluoride elimination.2 This presents an opportunity to use bisphenolic
sulfones to easily prepare semifluorinated sulfone polymers.
4.4.1

Semi-fluorinated poly(arylene ether sulfone)s via perfluorocycloalkene (PFCA)
polymerization

The homopolymer P4.4 was synthesized in good yield from commercial bisphenol S and DFCH
under mild conditions in a 1:1 ratio as shown in Scheme 4.5.

Scheme 4.5

General chemical representation of perfluorocycloalkenyl-sulfone aryl ether
polymer prepared via perfluorocycloalkene (PFCA) polymerization
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4.4.2

Semi-fluorinated poly(arylene ether sulfone)s via bis-perfluorocycloalkene (PFCA)
polymerization

Scheme 4.6

General route to perfluorocycloalkenyl-sulfone aryl ether polymer prepared via bisperfluoroalkene (PFCA) polymerization

A random DFCH-sulfone copolymer P4.5 was prepared in two steps using bisphenol S and
decafluorocyclohexene by step-growth addition/elimination polymerization. The reaction of
bisphenol S with a slight excess of DFCH provided a novel bis-(perfluorocyclohexenyl) sulfone
aryl ether. This is an AA-type monomer with reactive olefin functions. The subsequent reaction of
this AA-type monomer with bisphenol S, still at mild conditions, affords PFCH-sulfone polymer
with an alternating arylene ether structure (Scheme 4.6). This strategy allows the preparation of
polymers with different functionalities through the synthesis of AA-type monomers with
complementary fluoroolefin and bisphenol moieties.24(43) Bis-(DFCH) aryl ether (AA-type
monomer) was synthesized from DFCH and bisphenol S in good yield (71%) after column
107

purification. Further, the step-growth polycondensation of the AA-type monomer with bisphenol
S in a stochiometric ratio (1:1) gave a copolymer P4.5 (81%) with alternating arylene ether sulfone
architecture. Figure 4.5 represents the 19F NMR of DFCH, AA monomer, and P4.5. 19F NMR of
P4.5 shows two major sets of clean signals, corresponding to four side and four apex fluorines in
symmetrical environments. The absence of

19

F NMR signals at -149 ppm representative of the

fluoroolefin confirms the homopolymer P4.5 to be hydroxytelechelic end group.1H NMR shows
signals at 6.9 and 7.3 ppm) representing aromatic protons. These signals (dd, J = 8.8 Hz) indicate
a symmetric environment around both ether linkages of the PFCH rings as product of an additionelimination reaction.
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Figure 4.5

19

F NMR spectra (470 MHz, CDCl3, of DFCH, AB monomer and P4.5
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4.4.3

Semi-fluorinated poly(arylene ether sulfone) via FAVE polymerizations

Scheme 4.7

Preparation of polymer P4.6 and P4.7

Investigation was

focused on employing the step-growth polymerization of

bis(trifluorovinyl) aryl ether with bisphenol S in a 1 1 molar ratio, to afford semi-fluorinated
arylene vinylene ether (FAVE)-sulfone polymers containing reactive and crosslinkable
fluoroalkenes in the backbone. This route allows the versatile preparation of polymers with
tailorable functionalities by changing the spacer group R (Scheme 4.7). Table 4.2 presents the
selected properties of copolymers P4.6-P4.7 prepared via step-growth addition/elimination
polymerization of bisphenol S and fluorinated alkenes.
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Table 4.2

Selected properties copolymer P4.4-P4.7
Polymers

Mna
(kDa)

PDIa

Tg b
(°C)

Tdc
(°C)
N2/air

Isolated
Yielde
(wt %)

P4.4

25

1.9

145

391/384

81

P4.5

32

2.0

136

391/390

78

P4.6

19

2.0

157

403/368

86

P4.7

22

2.0

123

298/303

63

a

GPC in THF relative to polystyrene standards. bDSC (10 °C/min) in N2, third heating. cTGA 5%
wt. loss at 10 °C/min in nitrogen and air. dIsolated copolymer yield after precipitation.
Successful attempts to synthesize poly(arylene ether sulfone)s containing polycyclic
aromatic hydrocarbons (PAH) ring cores via nucleophilic substitution reactions as well as
successful synthesis of semi-fluorinated poly(arylene ether sulfone)s by addition/elimination
reactions of DCFH with bisphenols, led to the next work. This investigates a one pot
copolymerization of bisphenols and bis(4-hydroxyphenyl) sulfone with perfluorocyclohexene at
mild conditions by step-growth polymerization.
4.5

Copolymerization of bisphenols and bis(4-hydroxyphenyl) sulfone
perfluorocyclohexene affording semi-fluorinated Poly(aryl ether sulfone)s
From

commercially

available

bisphenols,

including

bisphenol

S

with
(bis(4-

hydroxyphenyl)sulfone) combined with recently reported polycyclic aromatic hydrocarbon (PAH)
bisphenols,15,21 we introduce the industrially valuable and property enhancing diaryl sulfone unit
in a series of semi-fluorinated copolymers. This modular approach greatly expands access to
partially fluorinated aryl ether sulfone polymers intended for high performance applications in
optoelectronics, separation/purification membranes, and composites.
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The general preparation of copolymers from perfluorocyclohexene (PFCH), sulfone
bisphenol (BPS) and selected co-bisphenols, is shown in Scheme 4.8. The copolymers are
prepared by step-growth addition/elimination polymerization, where aryloxide groups attacks the
PFCH double bond followed by fluoride elimination and generation of a new fluoroalkene, which
undergoes a second addition affording predominantly 1,2-disubstituted PFCA repeating units.21
After limited optimization, copolymerizations (P4.8-P4.14) were performed under mild conditions
(TEA, 12h, rt and 3h at 60 °C) to give random (statistical) PFCH aryl ether copolymers containing
a combined equivalent of bisphenol S (BPS) and selected co-bisphenol (50/50 mol%). Synthesized
polycyclic aromatic bisphenols M1, M4 were used for P4.8-P4.11, respectively. Copolymers
P4.12-P4.14 used commercially available bisphenols as shown in Scheme 4.8. During the stepgrowth polymerization, two possible nucleophilic pathways exist when difunctional bisphenoxide
adds to the electron-deficient fluoroalkene in difunctional PFCH. The resulting intermediate can
eliminate fluoride to form either the vinyl or the allyl substitution products, both of which were
previously observed with vinyl substitution predominant20,21 as shown in Scheme 4.9. The highly
regio-selective process was confirmed in the current work, as shown by

19

FNMR spectroscopy

(Figure 1). Selected properties of copolymers P4.8-P4.14. Are shown in Table 4.3.
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Scheme 4.8

Synthesis of poly(aryl ether sulfone)s containing PFCH enchainment via random
copolymerization using 1:1:2 equivalents of selected bisphenol, bisphenol S and
perfluorocyclohexene, respectively
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Scheme 4.9

Addition/elimination reactions of perfluorocyclohexene with bisphenols showing
the vinylic and allylic substitutions
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Table 4.3

Selected properties of copolymers P1-P7.

Polymers

Mna
(kDa)

PDIa

Tg b
(°C)

P4.8

30

2.0

P4.9*

33

P4.10

(Ƞ)d
(dL/g)

188

Tdc
(°C)
N2/air
387/368

0.94 ± 0.01

Isolated
Yielde
(wt %)
86

-

-

-

-

-

32

2.0

198

391/390

0.87 ± 0.03

91

P4.11

47

1.9

225

391/384

0.96 ± 0.02

88

P4.12
P4.13

35
39

1.9
2.0

160
153

404/394
357/349

0.92 ± 0.03
0.90 ± 0.03

82
86

P4.14

34

2.0

122

336/324

0.73 ± 0.03

84

a

GPC in THF relative to polystyrene standards. bThird heating cycle by DSC (10 °C/min) in
nitrogen. cTGA 5% wt. loss at 10 °C/min in nitrogen and air. dIntrinsic viscosity (ɳ) using 0.5 g/dL
in NMP at 30 °C via Ubbelohde viscometer. eIsolated copolymer yield after precipitation. No data
for P4.9* due to the low yield in synthesizing M2 monomer
19

F NMR spectroscopy confirmed the clean conversion of starting PFCH monomer to

PFCH enchained copolymers (Figure 4.6). The spectrum for perfluorocyclohexene (PFCH)
included signals at -118.5 ppm (4F), -133.37 ppm (4F), and -151.56 ppm (2F) whereas the
spectrum for copolymer P4.8 showed two major signals at -114.5 and -133 ppm confirming
dominant vinylic substitution. Only trace signals (<1%) were observed from -110 to -155 ppm as
evidence for allylic substitution.21 Vinylic fluorine signals in PFCH at -151.56 ppm disappeared
in the copolymers thereby removing vicinal coupling with the other eight fluorines and simplifying
the splitting patterns in addition to the typical signal broadening due to molecular weight. Similar
bisphenol reactivity, and thus random copolymerization, was confirmed by integration of 19F NMR
spectrum for P4.14 containing BP6F bisphenol.
The FTIR spectra of P4.8-P4.14 are reproduced from 600 to 2000 cm-1 (Figure 4.7).
Characteristic peaks of the fluoroalkene in the spectra were observed around 1200 cm -1.20,21 The
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strong symmetric stretching of the sulfone group (SO2) around 1150 cm-1 was also observed 6,22(44)
Conveniently, an open window from 1000-1100 cm-1 exists for the corresponding homopolymers
from M1-M4 and PFCH21 allowing for facile confirmation of aryl sulfone units in P4.8-P4.14.
Gel Permeation Chromatography (GPC) of copolymers P4.8-P4.14 gave number average
molecular weights (Mn) from 32 to 47 kDa vs polystyrene standards with expected step-growth
polydispersities (Mw/Mn) of ⁓ 2.0. GPC chromatograms are shown in Figure 4.8, Mn and PDI are
summarized in Table 4.3. In general, moderate to high molecular weight linear copolymers (P4.8P4.14) were achieved during the first 5 hours at 60 °C yet the polymerizations were allowed to
continue for 24 h and in some cases, additional solvent was added to maintain stirring. Unlike
bisphenol polymerization with trifluorovinyl ether monomers to give FAVE polymers,15 extensive
branching or gelation was not observed during the preparation of copolymers P4.8-P4.14 for the
reaction time up to 24h at 60 °C. As expected, however, all copolymers crosslink and become
insoluble after heating above 300 °C (Figure C.1). Copolymer solutions gave intrinsic viscosity
values ranging from 0.73-0.96 dL/g, which support the relative molecular weight measurements
by GPC.
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integration of 19F NMR spectrum for P6 containing BP6F bisphenol (see SI).

4F

(a)

4F

2F

(b)
4F
Allyl substitution

b
4F

Figure 4.6

19

F NMR spectra (470 MHz, DMSO-d6) of PFCH (a), and copolymer P4.8 (b)
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FTIR analyses of polymers P4.8-P4.14 between the wavelengths 2000-600 cm-1. No
data for P4.10 due to low yield in synthesizing M2 monomer
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Gel permeation chromatograms of copolymers P4.8-P4.14

Polymers with tailorable refractive indices (RI) in the visible and near-IR regions are in
demand for advanced optical materials applications, including microlenses, displays, and
optoelectronic devices.16,18,23(45) Conventional organic polymers and fluoropolymers usually have
RI values between 1.49 and 1.58.18 In general, while fluorocarbon volume fraction in polymers
reduces RI, high aromatic content and polarizable groups increase RI values.24,2546,47 Refractometer
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measurements demonstrated that thin films of copolymers P4.8-P4.14 exhibit surprisingly high
refractive indices. The RI values obtained at 589.2 nm of P4.8-P4.14) fell in the range from 1.6148
to1.6502 nm similar to commercial Udel with RI = 1.634.26 48 P4.8 had the highest refractive index
and BP6F containing P4.14 (avg. 12 F/repeat unit) showed the lowest, as expected, at 1.6148
compared to the BP6F-PFCB polymer (12 F/repeat unit) with RI closer to 1.50.27
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The

combination of aromatic content and polarizable sulfone groups appears to negate much of the RI
lowering effect of the fluorocarbon.
Commercial sulfone polymers are transparent materials. For example, Udel ® P-1700 NT06 (specialty low-color grade from Solvay) exhibits ~80% light transmittance from 500 to 730
nm.26,28 48,50 Figure 4.9 displays the transmittance from 300 to 800 nm for copolymer P4.14
compared to commercial Udel film. The UV-vis spectrum of P4.14 film showed a monotonical
increase in the transmittance and exhibited excellent transparency of ⁓ 83% at 750 nm. Above 650
nm, P4.14 shows similar transparency to commercial Udel for the same thickness (~1.84) and is
remarkable considering the unoptimized P4.14 sample, which is void of additives or special
processing conditions. A comparison of transparency plots for copolymers P4.8-P4.14 is provided
in Figure C.2.
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Figure 4.9

UV-vis spectrum of P4.14 and commercial Udel film (avg. thickness of 1.84 mm)
and photo of P4.14 film (inset)

The surface wettability of copolymers P4.8-P4.14 was evaluated by measuring water
contact angles (CA) for films coated onto stainless steel (SS) substrates. The results are
summarized in Figure 4.10. Compared to the uncoated SS substrate, the fluoropolymer-coated
samples exhibited hydrophobicity with CA values 94°. Among these copolymers, P4.14
displayed the highest hydrophobic character, as expected, with a CA of 105  3°, due to its higher
fluorine content introduced by co-bisphenol monomer BP6F. In general, such anti-wetting
behavior can be attributed to the inherently low surface energy character of fluoropolymers. The
incorporation of PFCH into a polysulfone backbone improved the hydrophobicity of copolymers
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P4.8-P4.14 compared to traditional polysulfones. For example, the CA of Udel is reported to be
around 76°.29 50,51

(a)

Uncoated

P4.8
P1

P4.10
P2

P4.11
P3

46 ± 3°

96 ± 1°

96 ± 1°

98 ± 1°

Figure 4.10

(b)

P4
P4.12

P5
P4.13

P6
P4.14

96 ± 2°

95 ± 1°

105 ± 3°

Water contact angles of uncoated stainless steel and P4.8-P4.14 coated substrates.
(e)monomer 2.2 pA
(d)
P4.9 136.2
data
no(c)
available due to 2.3the
low
yield in synthesizing
M2
nm
GPa
3.1 nm

Differential scanning calorimetry (DSC)
analyses displayed glass transition temperatures
-2.7 GPa
2.0 μm

2.0 μm

2.0 μm

2.0 μm

(Tg) of 225, 198, 188, 160, 153, and 122 °C, respectively, for copolymers P4.8-P4.14 after the
third heating cycle to 350 °C at a 10 °C/min in N2 (Figure 4.11 and Figure C.3). These Tg values
were reproducible over subsequent heating cycles and additional thermal events (e.g., melting,
crystallization, crosslinking), were not observed. Whereas BPS homopolymer with PFCH gave a
Tg = 157 °C, the highest Tg (225 °C) and the lowest Tg (122 °C) were observed for P4.8 and P4.14
copolymers containing rigid PAH groups and more flexible bisphenol AF (BP6F) segments,
respectively. As expected, sulfone co-monomer (BPS) inclusion reduced the Tg for polymers
containing rigid PAH bisphenols (e.g., homopolymers from M1-M4)21 while copolymer Tg values
slightly increased when combined with more flexible monomers (BP, BPA, BP6F).
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Heat flow in a.u
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Figure 4.11

DSC thermogram (10 °C/min) of the third cycle of copolymers P4.8 and P4.14 in
N2

The thermal stabilities of copolymers P4.8-P4.14 were estimated in N2 and air, by
thermogravimetric analyses (TGA) (Figure 4.12 and Figures C.4-C.5) and summarized in Table
4.3. Figure 4.12 illustrates the thermal decomposition of P4.8 by TGA and is similar to the
decomposition profiles observed for P4.8-P4.11 and P4.12-P4.14. Copolymers P4.8-P4.14
exhibited reasonably high thermal stabilities in N2 and essentially identical stability in air. The
decomposition temperatures (Td at 5% wt. loss) ranged from 336 to 404 °C in N2 and 324 to 394
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°C in air. Although reasonably high thermal stability was found, significantly higher Td values are
expected for optimized processing conditions that more efficiently remove unstable oligomers.
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Figure 4.12

4.6

Thermal degradation profiles of copolymer P4.8 by TGA in N2 and air

Conclusion and suggestion
The synthesis and characterization of a new class of semi-fluorinated poly(aryl ether

sulfone) copolymer containing perfluorocyclohexenyl enchainment was achieved. Variable
bisphenols in combination with bis(4-hydroxyphenyl)sulfone (50:50 mol%) underwent base
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mediated

step-growth

addition/elimination

polymerization

with

commercial

decafluorocyclohexene affording film forming robust copolymers with reactive alkene repeat units
intact for post polymerization functionalization or crosslinking. The copolymers exhibited
moderate molecular weights, excellent transparency, high refractive indices, and good thermal
stability in both nitrogen and air, which depended on the combination of starting bisphenol
monomers employed. This modular approach greatly expands access to partially fluorinated aryl
ether sulfone polymers intended for high performance applications in optics, optoelectronics,
separation/purification membranes, and composites.
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CHAPTER V
POLYCONDENSATION OF ACYCLIC PERFLUOROALKENES WITH BISPHENOLS
AFFORDING SEMI-FLUOROALKENYL ARYL ETHERS
5.1

Abstract
Two different acyclic perfluoroalkenes undergo step-growth polymerizations with various

bisphenols in the presence of base affording a new class of semi-fluorinated aryl ether polymers.
The apparent nucleophilic addition-elimination mechanism provides a major regio-selective
giving polymers with reactive fluorovinylene linkages in the main chain. Perfluoroheptenyl aryl
ether polymers exhibited moderate molecular weights (ca. 11-21 kDa) and gave creaseable films
cast from solution. These perfluoropolymers exhibited glass transition temperatures (Tg) ranging
from 70 to 203 °C and thermal stabilities with decomposition temperatures (Td at 5% wt. loss)
ranging from 194 to 411 °C in air and 194-394 °C under nitrogen. Enchained fluorovinylene
functions provide competing branch sites during later stages of polymerization and further serve
as effective targets for post-polymerization functionalization or crosslinking.
5.2

Introduction
The incorporation of fluorine atoms into organic molecules has enabled a class of new

materials with excellent properties widely used in specific many applications, stimulating intense
research and development of fluorine-containing monomers and polymers.1,2 Fluoropolymers
exhibit good thermal stability, exceptional chemical resistance, low surface energy, low moisture
absorption, and low dielectric constant.3 This combination of valuable properties led to polymers130

containing fluorine as competitive materials for optics, photonics, medical devices, gas separation,
fuel cells, and protective coatings.1,4 Perfluoroalkenes are recognized as useful monomers and
intermediates for the syntheses of fluorinated oligomers, telomers, and polymers.5,6 Fluoroalkenes
are generally electron-deficient species and are susceptible to nucleophilic attack.7 For example,
the addition of alcohols to fluoroalkenes was first reported in 1946.8 Since then, nucleophilic
reactions of fluorocarbon have been extensively investigated and applied in numerous
syntheses.2,9,10 Alcohols, preferably under basic conditions, react with fluorinated olefins to give
ether products. These nucleophilic reactions are characteristic of short-chain (two to four carbon
atoms),9 long chain perfluorofluoroolefins9,11 as well as functional perfluoroolefin derivatives.12,13
Our group developed fluoroalkene step-growth polymerization methodologies to access
versatile perfluorocyclobutyl (PFCB),26,27 fluorinated arylene vinylene ether (FAVE),28,29 and
perfluorocycloalkenyl (PFCA)27,30 polymers for specialty applications such as photonic or highperformance gas separation technologies. As a part of our continuing studies to synthesize high
performance fluorinated polymers via step-growth addition/elimination polymerizations of
fluoroolefins and bisphenols, we report a new class of semi-fluoropolymers from acyclic
perfluoroalkenes and bisphenols.

5.3

Semi-fluorinated aryl ether from perfluoro(4-methyl-2-pentene) and bisphenols
The investigation focuses on employing the nucleophilic addition/elimination reaction of

perfluoro(4-methyl-2-pentene) with bisphenols under basic conditions to afford a new class of
semi-fluorinated arylene ether homopolymers as shown in Scheme 5.1.
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Scheme 5.1

5.3.2

General synthesis of semi-fluorinated aryl ether homopolymers P5.1-P5.4 via
step-growth addition/elimination polymerization

Polymerization optimization
Various combinations of bases and solvents at different temperatures (rt, 45 °C and 80 °C)

were used to optimize the polymerization conditions (Figure 5.1). After limited optimizations CsF
in DMF was used for polymerization. The molecular weights of P5.1-P5.4 were obtained by gel
permeation chromatography (GPC), and the raw chromatograms of P5.1 and P5.2 are shown in
Figure 5.2. These GPC graphs also show apparent branching (higher molecular weights) as shown
in Figure 5.2. Differential scanning calorimetry (DSC) analyses displayed reproducible glass
transition temperatures (Tg) of 125, 140, 158, and 107 °C, respectively, for homopolymers P5.1P5.4 after the third heating cycle to 350 °C at a 10 °C/min in N2. Figure 5.3 represents the DSC
graph of P5.1 in N2. Figure 5.4 shows the free-standing film of P5.1
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DSC thermogram (10 °C/min) of P5.1 in N2

Figure 5.4

Representative photo of the free-standing film of P5.1
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5.3.3

Model compound study
Scheme 5.2 represents the plausible products of the model compound study of perfluoro(4-

methyl-2-pentene) reactions with bisphenol A and 4-tert-butylbiphenyl, respectively, in the same
conditions as the polymerizations were conducted to confirm the polymer structures. High
resolution mass spectrometric analyses support the addition/elimination reaction of perfluoro(4methyl-2-pentene) and the nucleophile in both cases of the model compound study (Figures 5.5
and 5.6). However due to the complexity of the mixture formed, after column chromatography
separation, the NMR (Figures 5.7 and 5.8).of the isolated products did not confirm the proposed
structures as shown in Scheme 5.2.
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Scheme 5.2

Figure 5.5

Synthesis of perfluoalkenyl (PFA) aryl ether monomers

High resolution mass spectrometric analysis of perfluoalkenyl (PFA) aryl ether
monomer prepared from excess of perfluoro(4-methyl-2-pentene) with bisphenol A
136

Figure 5.6

High resolution mass spectrometric analysis of perfluoalkenyl (PFA) aryl ether
monomer prepared from perfluoro(4-methyl-2-pentene) with 4-tert-butylbiphenyl in
excess
19F

Figure 5.7

NMR of pure Perfluoro(4-methyl-2-pentene)

19

F NMR (470 MHz) in DMSO of perfluoalkenyl (PFA) aryl ether monomer
prepared from perfluoro(4-methyl-2-pentene) with 4-tert-butylbiphenyl in excess
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Figure 5.8

5.4

19

F NMR (470 MHz) in DMSO of perfluoro(4-methyl-2-pentene) with 4-tertbutylbiphenyl in excess

Polycondensation of perfluoroheptene-1 with bisphenols affording perfluoroheptenyl
aryl ethers

Synthetic methods to a variety of perfluoro-1-alkenes are known.14–16 Some methods give
mixtures of terminal olefins with internal olefin isomers.16 Pyrolysis of alkali metal salts of
perfluorocarboxylic acids17,18 is the oldest highly selective method used to prepare terminal
perfluoroolefins. For example, perfluorohept-1-ene, C5F11CF=CF2, (˃ 90% pure) was synthesized
by thermal decarboxylation of the dry sodium salt of the perfluorooctanoic acid (PFOA) in vacuum
at 280-320 °C.17 PFOA has been widely used in commercial low surface energy, high chemical
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resistance and high thermal stability applications.16,19 However, PFOA and related molecules are
being banned or phased out since they bioaccumulate within the biosphere.20–22 PFOA along with
perfluorooctanesulfonic acid (PFOS) are listed as persistent pollutants by the Stockholm
Convention (2015) and banned in most of countries.23 Alternative materials as well as effective
PFAS disposal methods are needed.21,24,25

5.4.1

Preparation of perfluoroheptene-1 from PFOA
Perfluorohept-1-ene (90% yield) was synthesized by decarboxylation of the dry sodium

salts at 300 °C using a reported method.17,18 The obtained perfluorohept-1-ene was used in our
initial studies, subsequently, commercial perfluorohept-1-ene was employed for further synthesis.
Figure 5.9 represents the synthetic route of perfluorohept-1-ene by thermal decomposition of the
dry sodium salt of the perfluorooctanoic acid. The perfluorohept-1-ene (90% yield) was obtained
pure as showed by

19

F NMR spectra (Figures 5.10-5.12). The

19

F NMR spectrum shows the

appearance of three new fluoroolefin peaks at -87, -105 and -199 ppm (Figures 5.10).
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Figure 5.9

Synthesis of perfluoroheptene-1 from commercial perfluorooctanoic acid

3F

2F

Figure 5.10

19

F NMR of the commercial perfluorooctanoic acid in CD3OD
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2F

3F

2F

2F

2F

F
F

F

Figure 5.11

19

F NMR of prepared perfluorohept-1-ene in CD3OD

2F
2F

2F

Figure 5.12

Stacked 19F NMR of commercial perfluorooctanoic acid and prepared
perfluoroheptene-1 obtained by decarboxylation of the dry perfluorooctanoic salt
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5.4.2

Homopolymer preparation and model compound study
The general preparation of a new class of semi-fluoropolymers which incorporates

perfluorohept-1-ene (PFH) and aromatic aryl ether repeat units is shown in Scheme 5.3. These
polymers are prepared by step-growth addition/elimination polymerizations of perfluorohept-1ene with bisphenols in the presence of NaH/DMF at moderate temperature. The olefin function of
the perfluorohept-1-ene selectively reacted with the phenoxide under basic condition at the
terminal =CF2 followed by a fluoride elimination from C-1 to generate a new aryloxyfluoroalkene. The new phenoxy-substituted fluoroalkene undergoes a second addition at C-2
follow by fluoride elimination affording homopolymers P5.1-P5.8 containing fluorovinylene
enchainment in the backbone.

Scheme 5.3

Synthesis of perfluoroheptene (PFH) aryl ether containing polymers. polymers
were prepared by step-growth addition/elimination using a 1:1 mole ratio of the
selected bisphenol monomer and perfluorohept-1-ene

Scheme 5.4 represents a model compound study of the reaction regioselectivities and
geometric isomers in the mechanism of perfluoroheptene-1 reactions with 4-tert-butylphenol in
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the same conditions as the polymerizations were conducted in order to confirm the polymer
structure. What was the major regiochemistry of the first and second phenoxide additions in the
polymerization? In step, the regioselective addition of phenoxide occurred at terminal olefin’s
=CF2 group affording E and Z geometric isomers of A and the allylic fluoride elimination product
B as an E and Z mixture. Products A and B were isolated in a combined 85% yield. The total mole
ratio A/B was 7:1 as determined by

19

F NMR and GC-MS (Figures 5.13-15). The second

phenoxide addition step is shown in Figure 5.4 where it is illustrated for the major product A (a
mixture of Z and E). The second addition occurred at C-2 and produced disubstituted products C,
D and E via the mechanisms proposed in (Scheme 5.4).
disubstitution reaction are shown in Figure 5.16-18.
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19

F NMR and GC-MS graph of the

Scheme 5.4

Representative reactions of perfluoroheptene-1 and 4-tert-butylphenol under basic
conditions affording monosubstituted ether products A and B, and disubstituted
ether products C, D, and E used as model study to confirm the homopolymer
structures
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Figure 5.13

19

F NMR of the monosubstitution reaction showing the major and minor products
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2F

2F

2F

Figure 5.14

Stacked 19F NMR of the perfluoroalkene and the monosubstitution product

146

Figure 5.15

GC-MS of the monosubstitution reaction
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Figure 5.16

19

F NMR of the disubstitution reaction major product
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Figure 5.17

Stacked 19F NMR of the perfluoroalkene, the monosubstitution and the
disubstitution products
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Figure 5.18

5.4.3

GC-MS of the monosubstitution reaction

Homopolymer characterizations
Selected properties of homopolymers P5.5-P5.8 are shown in Table 5.1. P5.5-P5.8 were

characterized by FTIR (Figure 5.18). Characteristic peaks associate with all homopolymers exist
for perfluorohept-1-ene monomer enchainment and bisphenols. Important IR absorptions occurred
for the perfluoroalkenyl group linkages at ca. 1750 cm-l, C-F stretching vibrations (1000-1300 cml 10

) , Ar/C=C symmetric and asymmetric ring breathing vibrations (1600 and 1500 cm-1) and

aromatic C-H stretches (3000 cm-1).31
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Table 5.1

Selected properties of homopolymers P1-P4 produced using a 1:1: ratio of the
selected bisphenol and perfluoroheptene-1.

Polymers

Mna
(kDa)

PDIa

Tg b
(°C)

Tdc
(°C)
N2/air

Isolated
Yieldd (wt
%)

P5.5

12

1.9

150

375/382

76

P5.6

21

2.0

203

393/411

71

P5.7

14

2.0

179

308/310

68

P5.8

16

1.9

70

194/194

65

a

GPC in THF relative to polystyrene standards. bDSC (10 °C/min) in N2, third heating. cTGA onset
at 10 °C/min in N2 and air. dIsolated polymer yield after precipitation

4,4'-Biphenol

Perfluroheptene-1

P5.7 P3
Copolymer

Figure 5.19

FTIR analyses of 4,4’-biphenol, perfluorohept-1-ene, and homopolymer P5.7
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Differential scanning calorimetry (DSC) analyses gave glass transition temperatures (Tg)
of 150, 203, 179, and 70 °C, respectively, for homopolymers P5.5-P5.8 after the third heating
cycle to 350 °C at a 10 °C/min in nitrogen (Figure 5.19). These Tg values were reproducible over
four heating cycles and no other thermal events i.e., melting or crystallization were observed. The
highest Tg (203 °C) and the lowest Tg (70 °C) were observed for P5.6 and P5.8 homopolymers
containing polyaromatic rings and bisphenol AF, respectively. The incorporation of the wholly

Heat flow in a.u.

rigid polyaromatic rings in P5.8 increased the Tg to 203 °C.32

Tg = 150 oC

P5.5

Tg = 203 oC

P5.6

Tg = 179 oC
Tg = 70 oC

P5.7
P5.8

50

100

150

200

250

300

Temperature (oC)
Figure 5.20

DSC thermogram (10 °C/min) of the third cycle of homopolymers P5.5-P5.8 in N2

The thermal stabilities of homopolymers P5.5-P5.8 were estimated in both air and nitrogen,
by thermogravimetric analyses (Figures 5.20 & 5.21) and summarized in Table 5.1. These
homopolymers exhibited reasonably moderate thermal stabilities in air as well as in nitrogen. In
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nitrogen, the decomposition temperature (Td) at 5% weight loss ranged from 195 to 411 °C, with
P5.6 containing polyaromatic ring showing the highest decomposition temperature.

100
P5.5
P5.6
P5.7
P5.8

Weight (%)

80

60

40

20

0
200

400

600

Temperature (oC)

Figure 5.21

Thermal decomposition of homopolymers P1-P4 in air
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Figure 5.22

Thermal decomposition of homopolymers P5.5-P5.8 in N2

Molecular weights for P5.5-P5.8 were obtained by gel permeation chromatographic (GPC)
equipped with triple detectors and the chromatograms are shown in Figure 5.22 (summarized in
Table 5.1). The number average molecular weight (Mn) values of homopolymers P5.5-P5.8 vs
polystyrene standards ranged from 12 to 21 kDa with expected step-growth polydispersities
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(Mw/Mn) of ⁓ 2.0. Homopolymer P5.6 containing polyaromatic core shows apparent branching
maybe due to the dynamic volume of the phenathrenyl repeating units.

Signal intensity (mV)

P5.5
P5.6
P5.7
P5.8

3

4

5

Elution Time (min)
Figure 5.23

5.5

Gel permeation chromatograms for homopolymers P5.5-P5.8

Conclusion
The synthesis and characterization of a new class of semi-fluorinated aryl ether

homopolymers containing acyclic perfluoroolefin enchainment was achieved. Various bisphenols
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underwent base mediated step-growth addition/elimination polymerization with commercially
available perfluoro(4-methyl-2-pentene) and perfluorohept-1-ene affording homopolymers with
reactive vinylene repeat units for post polymerization functionalization or crosslinking. The
homopolymers exhibited good thermal stability in both nitrogen and air, which depended on the
combination of starting bisphenol monomers employed. These partially fluorinated aryl ether
homopolymers are intended for high performance applications in optics, optoelectronics,
separation/purification membranes, and composites.
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CHAPTER VI
EXPERIMENTAL
6.1

General Experimental Methods
All the reactions were carried out in oven-dried (120 °C) glassware under argon

atmosphere, unless otherwise stated. Syringes fastened with needles were flushed with nitrogen
prior to use. All reactions and solvent transfers were carried out under an atmosphere of nitrogen.
Anhydrous DMF was further dried by storage over anhydrous MgSO4 under a nitrogen
atmosphere. Triethylamine was distilled at atmospheric pressure under nitrogen and stored dried
over 4A molecular sieves.
6.2

Materials
All chemicals and solvents were purchased from Aldrich, SynQuest Labs, Fisher Scientific

or Alfa Aesar and used without purification unless otherwise stated. Acenapthenequinone,
triethylsilane, trifluoromethanesulfonic acid were purchased from Acros organics, NJ, USA, and
phenanthrene-9,10-dione, tetrahydrofuran (THF), trifluoroacetic acid, methanesulfonic acid,
biphenol, bisphenol A, bisphenol AF, bisphenol S were purchased from Oakwood chemicals, SC,
USA. Other reagents utilized in this study: chloroform, 1-dodecanethiol, N,N-dimethylformamide
(DMF), toluene, triethylamine were purchased from Sigma-Aldrich, St. Louis, MO, USA. The
remainder of the chemicals, dichloromethane, hexanes, methanol, phenol, acetonitrile, were
obtained from Fisher Scientific, NH, USA. Decafluorocyclohexene, perfluoroheptene-1 and
perfluoro(4-methyl-2-pentene) were obtained from Synquest labs, FL, USA. 4,4ꞌ-bis(4160

trifluorovinyloxy)biphenyl (TFVE-BP) was donated by Tetramer Technologies, L.L.C. Deionized water (bulk resistivity of 14 mΩ cm) was obtained from in-house water purification system
based on a reverse osmosis process.
6.3

Instrumentation

Nuclear Magnetic Resonance (NMR) Spectrometry
Nuclear magnetic resonance (NMR) experiments (1H, 19F, 13C, NOESY, HSQC, HBMC
(1H-13C)) were measured on a Bruker AVANCE III 500 and 300 MHz instrument. and all
chemical shifts were reported in parts per million (δ ppm). 1H NMR spectra were internally
referenced to tetramethylsilane (δ 0.0) and 13C NMR chemical shifts were reported relative to the
DMSO-d6 methyl carbon reference peak (δ 39.51 (m)) or to. the center peak of the multiplet for
CDCl3 (δ 77.0 (t)), and 19F NMR was referenced to CFCl3 (δ 0.0).

Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) experiments of neat samples were
performed using an Agilent Cary 630 spectrophotometer with a diamond crystal ATR mount. The
experiments were carried at a resolution of 2 cm-1, and 60 scans were carried out for each sample.
Spectroscopy
High resolution mass spectrometric (HR-MS) experiments were carried out on a Bruker
UHPLC microTOF-Q II HR-MS via injection and ionization of samples using atmospheric
pressure chemical ionization (APCI) technique. The data was obtained within mass accuracies of
1-10 ppm RMS error and at resolution greater than 17500 full width at height maximum (FWHM).
UV-vis spectrometric experiments were acquired using a Thermo Scientific Evolution 300 UVvis spectrophotometer with a slit width of 2 nm.
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Chromatography
Flash column chromatography was performed using Sorbent Silicagel (230-450 mesh,
Sorbent Technologies). Thin layer chromatography (TLC) was carried out on glass or Aluminum
support plates coated with silica gel 60F254 (Aldrich). Visualization was achieved by staining the
silica with potassium permanganate, or under exposure to UV lamp.
Gas chromatography (GC) coupled with mass spectrometry (MS) was performed on a Shimadzu
GC–17A gas chromatograph coupled with a Shimadzu QP5000 mass spectrometer (EI at 70 eV)
with initial temperature of 60°C at a ramp of 10 °C/min.
Gel Permeation Chromatography (GPC) data were collected in THF using universal standard
calibration (NIST-1478) using a triple detector Waters-Omnisec Reveal Malven instrument with
Viscotek TDA Model 305 detector. GPC samples were eluted in series through 2 x ViscoGel
T60000M (6 mm internal diameter, 15 cm long, and a gel particle size of 4 µm) at 35 °C.
Thermal Analysis (DSC and TGA)
Differential scanning calorimetric (DSC) experiments were conducted to study the thermal
order-disorder events of the homo- and co-polymers using a TA Q20 V4. DSC instrument.
Approximately, 3 to 5 mg of the polymer was placed in TA low-mass aluminum pan, sealed, and
a heat–cool-heat cycle (4 heating and 4 cooling cycles) was employed between the temperatures
of 0–300 °C at a scanning rate of 10 °C/min. Between the cycles, the pans were isothermally held
at 300 °C and at 0 °C for 3 mins. Thermal degradation patterns of the polymers were carried out
on small samples (5 to 10 mg) using a TA Q50 V20 Thermogravimetric analyzer (TGA) instrument
over the temperature range 30-1000 °C, at a heating rate of 10 °C/min. The experiments were
carried out under both nitrogen and air. TA universal analyses software was used to analyze the
degradation patterns, and the data was exported for further processing using OriginPro 2018.
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Viscosity
Ubbelohde viscometer was used to measure the inherent viscosity (ɳ) of copolymers in Nmethylpyrrolidone (NMP) at 30 °C. The viscosity measurement was repeated seven times for each
copolymer and the average value was recorded.
Optical Spectroscopy
ABBE refractometer (Reichert Arias OptiMatrix 500) equipped with monochromatic light
at 589.2 nm was used to determine the refractive indices (RI) of thin films. The refractometer was
standardized using commercial polysulfone Udel films of different thicknesses (0.005, 0.01, and
0.02 inches) from CS Hyde Company. In order to minimize the surface reflection and to avoid the
total reflection at the surface, 1-bromonaphthalene was employed as a suitable contacting liquid
for all measurements.
Contact Angle Measurements
Water contact angles (CA) were measured on films coated onto stainless steel substrates
employing a Tantec CAM-Micro contact angle meter using deionized water drops (8−10 μL) that
were manually dispensed from a 50 μL syringe. Contact angle measurements were determined by
visual assessment using a macro-lens-equipped smartphone. The values were reported as an
average of seven areas on different portions of the film surface
Electron Microscopy
Atomic force microscopy (AFM) measurements were performed in tapping mode
using Bruker dimension icon with SCANASYST air chip in tapping mode. AFM was used to
investigate the surface morphology, the average surface roughness (Ra) and the root mean square
roughness (Rq) of the spin coated films
Powder X-Ray Diffraction
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Single crystal X-ray diffraction data of samples were obtained from a Bruker AXS D8
Venture equipped with a Photon 100 CMOS active pixel sensor detector using copper
monochromatized X-ray radiation (λ = 1.54178 Å). The data were processed by integrating the
frames with the aid of the Bruker SAINT software using a narrow-frame algorithm and absorptioninduced effects were corrected using a multi-scan method implemented in the SADABS program.
6.4

Polymer processing

Polymer purification
The polymer was dissolved in a solvent then precipitated in a non-solvent repeatedly. The
polymer is then dried, and the process repeated as many times as required. Soxhlet in an
appropriate solvent was also used to purify the polymer samples.
Film Preparation
Two methods were used to prepare polymer films. For spin cast films, the polymer was
initially dissolved in THF or DCM and applied onto a glass substrate and then spin coated on a
glass/stainless steel substrates at 2500−3000 RPM using Laurell model MW-650MZ-23 NPPB
spin coater. coated substrate is dried in a vacuum oven at 60 °C for 24 h. For drop cast films, the
polymer dissolved in a minimal amount of THF or DCM was dispensed onto a glass/stainless steel
plate. The polymer solution was allowed to evaporate in a glass enclosure for 48h at rt and then
finally dried in an oven at 50 °C for an additional 24h.
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6.5
6.5.1

Chapter II Experimental section
Preparation of Polyaromatic hydrocarbon (PAH) containing monomers M1-M4
Monomers

M1-M4

were

synthesized

from

phenol

and

1,2-diketones,

acenaphthenequinone and phenanthrene dione, by methansulfonic acid-catalyzed acylation to 1,1disubstituted bisphenols and subsequent rearrangement to their 1,2-disubstituted monomers.

Synthesis and characterization of 10,10-bis(4-hydroxyphenyl)phenanthren-9(10H)-one (M1)

Figure 6.1

Synthesis of M1

To a mixture of acenaphthoquinone (3.00 g, 16.5 mmol), phenol (9.29 g, 98.7 mmol), and
2 mL of 1-dodecanethiol was added 50 mL dichloroethane in a 250 mL round-bottom flask,
equipped with magnetic stir bar, and fitted with condenser and rubber septa. 2 ml of
methanesulfonic acid was added under argon atmosphere. The reaction mixture was stirred under
reflux condition for 3 h before it was allowed to cool to rt. The precipitate was subsequently filtered
and washed with dichloromethane (3 × 100 mL) and water (2 × 100 mL), and air-dried for 8 h to
give M1 (5.11 g, 14.5 mmol, 88% yield) as a white solid: mp 263.28 °C; IR 3600–3000, 1694,
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1592, 1506, 1431, 1368, 1216, 1176, 1112, 1003, 815, 783, 640, 545, 519, and 490 cm-1; 1H NMR
(CD3OD, 500 MHz,) δ 8.22 (1 H, d, J = 8.2 Hz), 7.98 (1 H, d, J = 6.7 Hz), 7.90 (1 H, d, J = 8.2
Hz), 7.80 (1 H, dd, J = 7.9, 7.0 Hz), 7.67 (1 H, dd, J = 8.5, 7.0 Hz), 7.42 (1 H, d, J = 6.7 Hz), 7.00
(4 H, d, J = 8.9 Hz), 6.67 (4 H, d, J = 8.9 Hz); 13C NMR (CD3OD, 125 MHz,) δ 207.0, 157.7,
145.4, 142.3, 135.1, 133.4, 130.9, 129.9, 124.0, 123.6, 116.2, 67.8; HRMS (ACPI) m/z: [M]+ Calcd
for C24H16O3 352.1099; Found 352.1087

Synthesis of 4,4'-(1,2-acenaphthylenediyl)bisphenol (M2)

Scheme 6.1

In

Synthesis of M2

a

50

mL

round-bottom

flask,

0.35

g

(0.99

mmol)

of

2-bis(4-

hydroxyphenyl)acenaphthene-1-(2H)-one (M1), phenol 0.73 g (7.8 mmol), 1-dodecanethiol 0.085
g (0.42 mmol) were added and equipped with magnetic stir bar and fitted rubber septa. The flask
was flushed with argon for 5 min and the mixture heated at 80 °C under stirring. Then, 2 mL of
triflic acid was added via syringe and stirred for 8 hours at 80 °C. After 8 h of reaction, the mixture
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was cooled to rt and subsequently diluted with distilled water (100 mL). The reaction mixture was
extracted by ethyl acetate (3 × 50 mL). The combined organic layer was washed with distilled
water (2 × 50 mL). The organic layer was dried over sodium sulfate and concentrated in vacuo.
The residue was further purified by column chromatography (silica gel/ toluene: ethyl acetate =
1:12 to 1:8) and recrystallized from dichloromethane to produce M2 (140 mg, 0.42 mmol, 42%
yield) as a orange solid: mp 252.51 °C; IR: 3480-3040, 1594, 1546, 1472, 1426, 1363, 1216, 1098,
1011, 820, 749, 688, 579, 504, and cm −1; 1H NMR (CD3OD, 300 MHz,) δ 7.79 (2 H, d, J = 8.1
Hz), 7.62 (2 H, d, J = 7.0 Hz), 7.54 (2 H, t, J = 7.4 Hz), 7.24 (4 H, d, J = 8.6 Hz), 6.80 (4 H, d, J =
8.8 Hz); 13C NMR (CD3OD, 125 MHz,) δ 158.0, 141.9, 138.2, 132.4, 129.9, 128.90, 128.89, 128.1,
127.9, 124.3, 116.4; HRMS (ACPI) m/z: [M]+ Calcd for C24H16O2 336.1150; Found 336.1160

Synthesis of 10,10-bis(4-hydroxyphenyl)phenanthren-9(10H)-one (M3)

Scheme 6.2

Synthesis of M3

M3 was synthesized based on a previously reported procedure for synthesizing compound
M1. To a mixture of phenanthrene-9,10, dione (10.0 g, 48.0 mmol), phenol (27.0 g, 287.7 mmol),
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and 2 mL of 1-dodecanethiol was added 250 mL dichloroethane in a 1 L round-bottom flask,
equipped with magnetic stir bar, and fitted with condenser and rubber septa. 3 ml of
methanesulfonic acid was added under argon atmosphere. The reaction mixture was stirred under
reflux condition for 3 h resulting in the precipitation of M3 before it was allowed to cool to rt. The
precipitate was subsequently filtered and washed with dichloromethane (5 × 100 mL) and water
(4 × 100 mL), and air-dried for 8 h to give M3 (15.62 g, 41.3 mmol, 86% yield) as a white solid:
mp 262.51°C; IR 3515–3270, 1663, 1589, 1504, 1437, 1357, 1298, 1227, 1175, 1114, 1013, 870,
825, 772, 734, 669, 637, 599, 569, and 519 cm-1; 1H NMR (CD3OD, 500 MHz,) δ 8.10 (1 H, d, J
= 7.9 Hz), 8.02 (1 H, d, J = 7.9 Hz), 7.83 (1 H, d, J = 7.7 Hz), 7.62 (1 H, t, J = 7.6 Hz), 7.44 (1 H,
t, J = 7.6 Hz), 7.36 (1 H, t, J = 7.5 Hz), 7.26 (1 H, t, J = 7.5 Hz), 6.74 (1 H, d, J = 7.9 Hz), 6.72–
6.67 (4 H, m), 6.67–6.59 (4 H, m); 13C NMR (CD3OD, 125 MHz,) δ 203.0, 157.9, 143.3, 138.2,
135.5, 134.0, 133.0, 132.8, 132.5, 131.8, 129.7, 129.5, 129.1, 128.8, 125.5, 124.3, 115.9, 68.6;
HRMS (ESI/Q-TOF) m/z: [M]+ Calcd for C26H18O3 379.1334 ; Found 379.1328.
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Synthesis of 4,4'-(phenanthrene-9,10-diyl)diphenol (M4)

Scheme 6.3

Synthesis of M4

To a 100 mL round-bottom flask were added M3 (10.0 g, 26.43 mmol), 50 mL of
trifluoroacetic acid, and triethylsilane (3.69 g , 31.72 mmol). The flask was equipped with
magnetic stir bar, fitted with condenser and rubber septa, and flushed with argon. The reaction
mixture was stirred at reflux for 12 h before it was cooled to rt. The precipitate was filtered and
washed with dichloromethane (3 × 50 mL), and air-dried for 2 h to give M4 (7.86 g, 21.7 mmol,
82% yield) as a white solid: mp 311.59 °C; IR 3640–3086, 1701, 1654, 1609, 1507, 1487, 1420,
1355, 1206, 1101, 1045, 1015, 886, 854, 812, 758, 724, 625, 585, 546, 509, and 426 cm-1; 1H NMR
(CD3OD, 500 MHz,) δ 8.82 (2 H, d, J = 8.2 Hz), 7.62 (2 H, t, J = 7.6 Hz), 7.56 (2 H, d, J = 7.6
Hz), 7.46 (2 H, t, J = 7.6 Hz), 6.93 (4 H, d, J = 8.5 Hz), 6.69 (4 H, d, J = 8.5 Hz); 1H NMR (DMSOd6, 500 MHz,) δ 9.33 (2 H, s), 8.91 (2 H, d, J = 8.2 Hz), 7.67 (2 H, ddd, J = 8.2, 6.9, 1.4 Hz), 7.53
(2 H, td, J = 8.0, 0.6 Hz), 7.47 (2 H, dd, J = 8.3, 1.0 Hz), 6.91 (4 H, d, J = 8.6 Hz), 6.67 (4 H, d, J
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= 8.6 Hz); 13C NMR (CD3OD, 125 MHz,) δ 157.0, 138.8, 133.9, 133.4, 132.5, 131.5, 128.9, 127.6,
127.4, 123.7, 115.7; HRMS (ACPI) m/z: [M]+ Calcd for C26H18O2 363.1385; Found 363.1391

6.5.2

Semi-Fluorinated Arylene Vinylene Ether (FAVE) Telechelic Polymers from
Polycyclic Aromatic Hydrocarbon Bisphenols and trifluorovinyl aryl Ethers

6.5.2.1

Preparation of FAVE polymers using NaH as the base

Preparation of polymer P2.1

Scheme 6.4

Preparation of FAVE polymer P2.1

The monomer M1 (362.4 mg, 1.0 mmol) dissolved in anhydrous DMF (2 mL) was added
to a stirred suspension of NaH (98.1 mg, 4.0 mmol) in DMF (2 mL) at room temperature.
Immediately, TFVE-BP (346.2 mg, 1.0 mmol) dissolved in DMF (2 mL) was transferred via
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syringe to the reaction suspension. This mixture was stirred for 4 h at room temperature, then
heated to 80 °C and held for 15 h. The reaction was monitored for viscosity increases, gel or solid
formation, for the first few hours of heating and additional DMF was added as needed to maintain
a constant stirring rate. After 15 h, the solution was cooled to room temperature, diluted with DMF
(10 mL), quenched with HCl ( mL aq. 10%), and precipitated into stirring H2O/MeOH (50/50).
Precipitated polymer P2.1 was filtered under vacuum, washed repeatedly with H2O (20.0 mL x 4),
MeOH (10.0 mL x 4), hexanes (10.0 mL x 4), and dried in a vacuum oven at 80 °C to a constant
weight affording P2.1 (584 mg, 84% yield) as a white powder. ATR-FTIR (neat): ν 1670, 1605,
1580, 1527, 1502, 1448, 1339, 1269, 1239, 1123, 1101, 997, 968, 887, 857, 809, 757, 725, 624,
507cm-1; 1H NMR (DMSO-d6, 500 MHz) δ 8.04–7.80 (br), 7.80–7.58 (br), 7.58–7.38 (br), 7.38–
7.02 (br), 7.02–6.75 (br), 6.75–6.58 (br); 19F NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J
= 141.6 CHFCF2), -121.23 (d, J = 32.01 Hz, cis-CF=CF), -122.15 (d, J = 49.3 Hz, cis-CF=CF), 128.32 (d, J = 112.1 Hz, trans-CF=CF), -128.54 (d, J = 109.2, trans-CF=CF), -141.18 (d, J = 75.5
Hz, CHFCF2). GPC in THF relative to polystyrene gave a monomodal distribution of Mn = 45,000
(Mw/Mn = 2.3). DSC analysis of third heating at 10 °C/min to 350 °C gave Tg = 167 °C and TGA
(10 °C/min) gave Td = 516 °C in nitrogen and 598 °C in air.
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Preparation of polymer P2.3

Scheme 6.5

Preparation of FAVE polymer P2.3

M3 (378 mg) and TFVE-BP (346.2 mg, 1.0 mmol) were used to prepare P2.3 in the similar
way as P2.1 to give P2.3 (571.96 g, 79% yield) as white powder. ATR-FTIR (neat): ν 1685, 1596,
1500, 1450, 1405, 1339, 1267, 1201, 1165, 1123, 998, 972, 819 and 660 cm-1; 1H NMR (DMSOd6, 500 MHz) δ 8.09–7.79 (br), 7.79–7.55 (br), 7.55–7.28 (br), 7.24–6.95 (br), 6.95–6.65 (br); 19F
NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J = 120.0 Hz, CHFCF2), -121.28 (d, J = 32.8
Hz, cis-CF=CF), -122.15 (d, J = 49.3 Hz, cis-CF=CF), -123.27 (d, J = 111.8 Hz, trans-CF=CF), 128.54 (d, J = 108.7, trans-CF=CF), -141.18 (d, J = 75.5 Hz, CHFCF2). GPC in THF relative to
polystyrene gave a monomodal distribution of Mn = 38,000 (Mw/Mn = 1.8). DSC analysis of third
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heating at 10 °C/min to 350 °C gave Tg = 168 °C and TGA (10 °C/min) gave Td = 538 °C in
nitrogen and 596 °C in air.
Preparation of polymer P2.4

Scheme 6.6

Preparation of FAVE polymer P2.4

M4 (352.4 mg, 1.0 mmol) and TFVE-BP (346.2 mg, 1.0 mmol) were used to prepare P2.4
in the similar way as P2.1 to give P2.4 (621.75 g, 89% yield) as slightly yellow powder. ATRFTIR (neat): ν 1718, 1599, 1559, 1500, 1340, 1269, 1201, 1165, 1115, 997, 974, 818, 781, and
517 cm-1; 1H NMR (DMSO-d6, 500 MHz) δ 8.04–7.80 (br), 7.80–7.58 (br), 7.58–7.38 (br), 7.38–
7.02 (br), 7.02–6.75 (br), 6.75–6.58 (br); 19F NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J
= 145.0 Hz, CHFCF2), -121.13 (d, J = 32.8 Hz, cis-CF=CF), -122.15 (d, J = 49.3 Hz, cis-CF=CF),
-128.27.6 (d, J = 101.8 Hz, trans-CF=CF), -128.54 (d, J = 111.7, trans-CF=CF), -141.18 (d, J =
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75.5 Hz, CHFCF2). GPC in THF relative to polystyrene gave a monomodal distribution of Mn =
33,000 (Mw/Mn = 2.1). DSC analysis of third heating at 10 °C/min to 350 °C gave Tg = 164 °C
and TGA (10 °C/min) gave Td = 469 °C in nitrogen and 537 °C in air.

6.5.2.2

Preparation of FAVE polymers using Cs2CO3 as the base

Preparation of polymer P2.1ꞌ

Scheme 6.7

Preparation of FAVE polymer P2.1ꞌ

Monomer M1 (378 mg, 1.0 mmol) and TFVE-BP (346.2 mg, 1.0 mmol) were used to
prepare P2.1ꞌin the similar way as P2.1 using Cs2CO3 as the base to give P2.1ꞌ (572.69 g, 85%
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yield) as white powder. ATR-FTIR (neat): ν 1685, 1596, 1500, 1450, 1405, 1339, 1267, 1201,
1165, 1123, 998, 819 and 660 cm-1; 1H NMR (DMSO-d6, 500 MHz) δ 8.09–7.79 (br), 7.79–7.55
(br), 7.55–7.28 (br), 7.24–6.95 (br);
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F NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.45 (d, J =

139.6 CHFCF2), -141.18 (d, J = 73.2 Hz, CHFCF2). GPC in THF relative to polystyrene gave a
monomodal distribution of Mn = 30,000 (Mw/Mn = 2.1). DSC analysis of third heating at 10
°C/min to 350 °C gave Tg = 161 °C and TGA (10 °C/min) gave Td = 555 °C in nitrogen and 566
°C in air.
Preparation of polymer P2.3

Scheme 6.8

Preparation of FAVE polymer P2.3ꞌ

Monomer M3 (378 mg, 1.0 mmol) and TFVE-BP (346.2 mg, 1.0 mmol) were used to
prepare P3ꞌ using the same procedure as P2.1ꞌ to give P2.2ꞌ (572.69 g, 85% yield) as white powder.
175

ATR-FTIR (neat): ν 1685, 1596, 1500, 1450, 1405, 1339, 1267, 1201, 1165, 1123, 998, 819 and
660 cm-1; 1H NMR (DMSO-d6, 500 MHz) δ 8.09–7.79 (br), 7.79–7.55 (br), 7.55–7.28 (br), 7.24–
6.95 (br); 19F NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.45 (d, J = 139.6 CHFCF2), -141.18 (d,
J = 73.2 Hz, CHFCF2). GPC in THF relative to polystyrene gave a monomodal distribution of Mn
= 30,000 (Mw/Mn = 2.1). DSC analysis of third heating at 10 °C/min to 350 °C gave Tg = 161 °C
and TGA (10 °C/min) gave Td = 555 °C in nitrogen and 566 °C in air.

Preparation of polymer P2.4ꞌ

Scheme 6.9

Preparation of FAVE polymer P2.4ꞌ
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Monomer M4 (352.4 mg, 1.0 mmol) and TFVE-BP (346.2 mg, 1.0 mmol) were used to
prepare P2.4ꞌ in the similar way as P2.1ꞌ to give P2.4ꞌ (572.69 g, 82% yield) as white powder.
ATR-FTIR (neat): ν 1718, 1599, 1559, 1500, 1340, 1269, 1201, 1165, 1115, 997, 974, 818, 781,
and 517 cm-1; 1H NMR (DMSO-d6, 500 MHz) δ 8.0–7.60 (br), 7.60–7.41 (br), 7.41–6.88 (br); 19F
NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J = 145.0 CHFCF2), -141.18 (d, J = 73.2 Hz,
CHFCF2). GPC in THF relative to polystyrene gave a monomodal distribution of Mn = 39,000
(Mw/Mn = 1.8). DSC analysis of third heating at 10 °C/min to 350 °C gave Tg = 155 °C and TGA
(10 °C/min) gave Td = 509 °C in nitrogen and 519 °C in air.
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6.5.3

Preparation of FAVE telechelic polymers

Preparation of telechelomer T.4 and its PFCB aryl ether chain extension T4x

Scheme 6.10 Preparation of telechelomer T4 and PFCB chain extension T4x.
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The monomer M4 (362.4 mg, 1.0 mmol) and NaH (72.0 mg, 3.0 mmol) were mixed in a
vial containing DMF(5.0 mL) and stirred at room temperature for 2 h. TFVE-BP (1038.7 mL, 3.0
mmol) in DMF (5.0 mL) was then slowly transferred to the M4 bis-phenoxide solution and heated
at 60 °C for 12 h. The solution was cooled to room temperature, transferred into separatory funnel,
and quenched with HCl (2 0 mL aq. 10%). The crude polymer was extracted with DCM and dried
with anhydrous Na2SO4. After rotary evaporation of DMF, an oily product was precipitated into
methanol (20.0 mL), filtered, washed repeatedly with H2O (20.0 mL x 2), MeOH (10.0 mL x 2)
and hexanes (10.0 mL x 2). The telechelomer was dried in a vacuum oven at 50 °C to a constant
weight, affording white solid in 84% yield.
Telechelomer T4 (500 mg) was heated neat in an argon purged sealed vial at 210 °C for 2 h to give
T4x as slightly yellow powder. ATR-FTIR (neat): ν 1718, 1599, 1559, 1500, 1259, 1201, 1165,
1105, 954, 818, 781, and 517 cm-1; 19F NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J = 145.0
CHFCF2), -121.13 (d, J = 34.8 Hz, cis-CF=CF), -122.15 (d, J = 47.6 Hz, cis-CF=CF), -128.43 (d,
J = 112.1 Hz, trans-CF=CF), -128.54 (d, J = 109.7, trans-CF=CF), -127 – -134 (m, cyclobutyl), 141.18 (d, J = 59.5 Hz, CHFCF2). GPC in THF relative to polystyrene gave Mn = 14,200. DSC
analysis of third heating at 10 °C/min to 350 °C gave Tg = 149 °C and TGA (10 °C/min) gave Td
= 581 °C in nitrogen and 590 °C in air.

Preparation of telechelomer T3ꞌ and its PFCB aryl ether chain extension T3ꞌx
Telechelomer T3ꞌ was synthesized using M3 (378.4 mg, 1.0 mmol) and TFVE-BP (1038.7
mL, 3.0 mmol) as described in experimental in the synthesis of T4 to give T3ꞌ as white powder.
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F NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J = 141.0 CHFCF2), -141.18 (d, J = 59.5

Hz, CHFCF2). GPC in THF relative to polystyrene gave Mn = 6,100. DSC analysis of third heating
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at 10 °C/min to 350 °C gave Tg = 152 °C and TGA (10 °C/min) gave Td = 540 °C in nitrogen and
629 °C in air.
Telechelomer T3ꞌ (500 mg) was heated neat in an argon purged sealed vial at 210 °C for 2 h to
give T2ꞌx as powder. ATR-FTIR (neat): ν 1685, 1596, 1500, 1450, 1405, 1339, 1267, 1201, 1165,
956 and 660 cm-1; 19F NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J = 139.3 CHFCF2), -127
– -134 (m, cyclobutyl) -141.18 (d, J = 59.5 Hz, CHFCF2). GPC in THF relative to polystyrene
gave Mn = 17,400. DSC analysis of third heating at 10 °C/min to 350 °C gave Tg = 152 °C and
TGA (10 °C/min) gave Td = 550 °C in nitrogen and 631 °C in air.

Preparation of telechelomer T1ꞌ and its PFCB aryl ether chain extension T1ꞌx
Telechelomer T3ꞌ was synthesis using M2 (378.4 mg, 1.0 mmol) and TFVE-BP (1038.7
mL, 3.0 mmol) as described in experimental section to give T3ꞌ as white powder.
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F NMR

(DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J = 145.0 CHFCF2), -141.18 (d, J = 59.5 Hz, CHFCF2).
GPC in THF relative to polystyrene gave Mn = 5,400 (Mw/Mn = 1.0). DSC analysis of third
heating at 10 °C/min to 350 °C gave Tg = 172 °C and TGA (10 °C/min) gave Td = 546 °C in
nitrogen and 638 °C in air.
Telechelomer T3ꞌ (100 mg) was heated neat in an argon purged sealed vial at 210 °C for 2 h to
give T3ꞌx as white powder. ATR-FTIR (neat): ν 1670, 1605, 1580, 1527, 1448, 1339, 1269, 1239,
1123, 1101, 950, 887, 725, and 624 cm-1; 19F NMR (DMSO-d6, 470 MHz) δ -84.06 – -85.65 (d, J
= 145.0 CHFCF2), -127 – -134 (m, cyclobutyl) -141.18 (d, J = 59.5 Hz, CHFCF2). GPC in THF
relative to polystyrene gave Mn = 17,400 (Mw/Mn = 1.2). DSC analysis of third heating at 10
°C/min to 350 °C gave Tg = 163 °C and TGA (10 °C/min) gave Td = 546 °C in nitrogen and 628
°C in air.
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6.6
6.6.1

Chapter III experimental section
Perfluorocyclohexenyl
(PFCH)
Aromatic
Ether
Perfluorocyclohexene and Polycyclic Aromatic Bisphenols

Polymers

from

Preparation of homopolymer P3.1

Scheme 6.11 Preparation of homopolymer P3.1

To a 20 mL scintillating vial equipped with magnetic stir bar was added 2.00 g (5.68 mmol)
of M1, 3.45 g (34.1 mmol) of trimethylamine, and 2 mL of DMF. The reaction mixture was mildly
stirred for 2 min, and then 1.49 g (5.68 mmol) of decafluorocyclohexene (DFCH) was added via
syringe. The reaction mixture was stirred at rt for ~12 h and then reaction temperature was
gradually adjusted to 40 °C (for ~6h) to 80 °C (for 74–86 h) before allowed to cool to rt. The
reaction mixture was then precipice in 500 mL methanol: water mixture (50/50 v/v), and
subsequently, Soxhlet extracted in methanol and hexane, respectively, and dried under vacuum at
50 °C for 12h to give P3.1 (3.35 g, 74% yield) as white powder. IR: 1718, 1599, 1559, 1500, 1340,
1269, 1201, 1165, 1115, 997, 974, 818, 781, and 517 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.26–
7.99 (br), 7.99–7.84 (br), 7.84–7.56 (br), 7.56–7.26 (br), 7.25–6.93 (br), 6.93–6.71 (br), 6.71–6.57
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(br), 6.45–6.15 (br); 19F NMR (CDCl3, 470 MHz,) δ –73.4 (0.23 F, s), –115.4 (4 F, s), –133.5 (4
F, s).
Preparation of homopolymer P3.2

Scheme 6.12 Preparation of homopolymer P3.2

Homopolymer P3.2 was synthesized using the same procedure as P3.1 by using M2 as
monomer. After, dried under vacuo produced P3.2 (3.26 g, 70% yield) as white powder. IR: 3040,
2924, 1664, 1560, 1507, 1484, 1431, 1338, 1266, 1192, 1162, 1119, 995, 969, 820, 768, 686, 607,
549, and 522 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.26–7.96 (br), 7.96–7.69 (br), 7.69–7.46 (br),
7.46–6.98 (br), 6.98–6.80 (br), 6.80–6.23; 19F NMR (CDCl3, 470 MHz,) δ –59.3 (0.11 F, s), –0.73
(0.19 F, s), –109.2 (0.29 F, s), –115.25 (4 F, m), –121.9 (0.43 F, s), –133.4 (4 F, s).
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Preparation of homopolymer P3.3

Scheme 6.13 Preparation of homopolymer P3.3

Homopolymer P3 was synthesized using the same procedure as P3.1 by using M3 as
monomer. After, dried under vacuo produced P3.3 (3.27 g, 77% yield) as white powder. IR: 1685,
1596, 1500, 1450, 1405, 1339, 1267, 1201, 1165, 1123, 998, 972, 819, 773, 733, 660, and 519 cm1 1

; H NMR (CDCl3, 500 MHz) δ 8.09–7.79 (br), 7.79–7.55 (br), 7.55–7.28 (br), 7.24–6.95 (br),

6.95–6.65 (br), 6.65–6.34 (br), 6.34–5.85 (br); 19F NMR (CDCl3, 470 MHz,) δ –73.4 (0.13 F, s), –
115.6 (4 F, s), –133.5 (4 F, s).
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Preparation of homopolymer P3.4

Scheme 6.14 Preparation of homopolymer P3.4

Homopolymer P3.4 was synthesized using the same procedure as P3.1 by using M4 as
monomer. After, dried under vacuo produced P3.4 (3.03 g, 68% yield) as white powder. IR: 3069,
1670, 1605, 1580, 1527, 1502, 1448, 1420, 1339, 1269, 1239, 1162, 1123, 1101, 997, 968, 887,
857, 809, 757, 725, 624, 570, 507, and 477 cm-1; 1H NMR (CDCl3, 500 MHz) δ 8.87–8.60 (br),
7.73–7.27 (br), 7.19–6.78 (br), 6.65–6.30 (br); 19F NMR (CDCl3, 470 MHz,) δ –75.7 (0.02 F, s), –
114.1 (0.39 F, s), –115.6 (4 F, s), –129.6, –133.4 (4 F, m), –151.3(0.04 F, s).
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Preparation of homopolymer P3.5

Scheme 6.15 Preparation of homopolymer P3.5

Homopolymer P3.5 was synthesized using the same procedure as P3.1 by using bisphenol
A as monomer. After, dried under vacuo produced P3.5 (2.6 g, 66% yield) as white powder. IR:
2968, 1663, 1603, 1502, 1341, 1271, 1199, 1165, 1123, 1015, 998, 974, 914, 827, 723, and 553
cm-1; 1H NMR (CDCl3, 500 MHz) δ 7.24–6.8 (br), 6.8–6.65 (br), 6.54–6.37 (br); 19F NMR (CDCl3,
470 MHz,) δ –73.4 (0.67 F, s), –74.3 (0.30 F, s), –109.4 (0.8 F, s), –115.4 (4 F, s), –133.5 (4 F, s).
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Preparation of homopolymer P3.6

Scheme 6.16 Preparation of homopolymer P3.6

In a 20 mL vial equipped with magnetic stir bar was added 1.44 g (3.82 mmol) of M3, 0.87
g (3.82 mmol) of bisphenol A, 3.09 (30.53 mmol) of trimethylamine, and 2 mL of anhydrous DMF.
The reaction mixture was mildly stirred for 2 min, and then 2.00 g (7.64 mmol) of
decafluorocyclohexene (DFCH) was added via syringe. The reaction mixture was stirred at rt for
~12 h and then reaction temperature was gradually adjusted to 40 °C (for ~6h) to 80 °C (for 74–
86 h) before allowed to cool to rt. The reaction mixture was then precipice in 500 mL methanol:
water mixture (50/50 v/v), and subsequently, Soxhlet extracted in methanol and hexane,
respectively, and dried under vacuum at 50 °C for 12h to give P3.6 (2.85 g, 71% yield) as white
powder. IR: 1684, 1602, 1559, 1502, 1451, 1411, 1341, 1271, 1241, 1201, 1166, 1125, 993, 975,
829, 774, 735, 661, 525, and 481cm-1; 19F NMR (CDCl3, 470 MHz,) δ –73.4 (0.32 F, s), –74.4 (0.1
F, s), –109.4(0.07 F, s), –115.4 (4 F, m), –133.5(4 F, s).
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Preparation of homopolymer P3.7
To a 20 mL scintillating vial equipped with magnetic stir bar was added 2.00 g (5.68 mmol)
of M1, 3.45 g (34.1 mmol) of trimethylamine, and 2 mL of DMF. The reaction mixture was mildly
stirred for 2 min, and then 1.49 g (5.68 mmol) of decafluorocyclohexene (DFCH) was added via
syringe. The reaction mixture was stirred at rt for ~12 h and then reaction temperature was
gradually adjusted to 120 °C (for ~6h) before allowed to cool to rt. The reaction mixture was then
precipitated in 500 mL methanol: water mixture (50/50 v/v) to give P3.7.

6.7
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Chapter IV experimental section
Poly(arylene ether sulfone)s containing polycyclic aromatic hydrocarbons (PAH)
cores

Preparation of polymer P4.1-P4.3
Monomer M4.1 (500.0 mg, 1.32 mmol), 4,4'-dichlorodiphenyl sulfone (379.4 mg, 1.32
mmol), and 20 mL of dry N-Methylpyrrolidone (NMP) were delivered into the flask purged with
N2. The mixture was stirred for 30 min at room temperature, then 10 mL of toluene was added as
an azeotropic solvent to this solution followed by the addition of K2CO3 (387.0 mg, 2.80 mmol).
The reaction mixture was then heated (⁓140-150 °C) to toluene reflux to remove water from the
reaction. The initial cloudy distillate (toluene/water) was collected in the Dean-Stark trap.
Refluxing was continued for 4h until no more water was observed. The temperature was then
increased to 180 °C and held for about 3h to remove toluene. Then, the temperature was increased
to 190 °C for 3h. The reaction mixture was filtered hot to remove inorganic salts. The filtrate was
cooled, and aqueous acetic acid was added to neutralize phenate end groups. The polymer was
slowly precipitated into stirring solution of 50/50 MeOH/H2O, filtered, boiled in water for about
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30 min to extract trapped salts and then filtered and dried overnight in vacuum oven at 60°C to
obtain a white, fibrous polymer P4.1 (88%). Identical preparations of P4.2 and P4.3 were
performed using M4.2 and M4.3, respectively in 91 and 86 % yields.
6.7.2

Semi-fluorinated Poly(aryl ether sulfone)s via Step-Growth Polymerization of
Perfluorocyclohexene with Bisphenols

Preparation of polymer P4.8

Scheme 6.17 Preparation of semi-fluorinated poly(aryl ether sulfone) P4.8
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Triethylamine (TEA) (579.2 mg, 5.7 mmol) was added to a 20 mL flask equipped with a
magnetic stir bar under nitrogen. 4,4'-(phenanthrene-9,10-diyl) diphenol (M1) (673.0 mg, 1.9
mmol) and bisphenol S (BPS) (478.0 mg, 1.9 mmol) dissolved in 5 mL of anhydrous DMF were
added via syringe at room temperature. Perfluorocyclohexene (PFCH) (1000.00 mg, 3.8 mmol)
was then slowly added to the mixture, stirred at room temperature for 12h followed by heating to
60 °C for 3h. The reaction mixture was allowed to cool to rt., and the contents were precipitated
in 50 mL water/methanol (50/50). The crude polymer was isolated by filtration, washed with water,
methanol, hexane and dried in vacuo at 60 °C to produce copolymer P4.8 as a white solid. P4.8
was soluble in chloroform, dichloromethane, and tetrahydrofuran at rt. Copolymer P4.8 formed
free-standing films from tetrahydrofuran by evaporating at room temperature. 1H NMR (DMSOd6, 500 MHz) δ 8.04–7.80 (br), 7.80–7.58 (br), 7.58–7.38 (br), 7.38–7.02 (br), 7.02–6.75 (br),
6.75–6.58 (br);19F NMR (DMSO-d6, 470 MHz) -114.6 (br) and -133.5 (br). Powder FTIR (neat):
ν 1718, 1599, 1559, 1500, 1340, 1269, 1201, 1165, 1115, 997, 974, 818, and 517 cm-1.GPC in
THF relative to polystyrene gave a monomodal distribution of Mn = 44,000 (Mw/Mn = 2.0). DSC
analysis of third heating at 10 °C/min to 350 °C gave Tg = 185 °C and TGA (10 °C/min) gave Td
= 387 °C in nitrogen and 368 °C in air. Inherent viscosity (ɳ) = 0.94 ± 0.01 dl/g
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Preparation of polymer P4.10

Scheme 6.18 Preparation of semi-fluorinated poly(aryl ether sulfone) P4.10

Monomer (M3) (722.8 mg, 1.9 mmol), bisphenol S (BPS) (478.0 mg, 1.9 mmol), and
perfluorocyclohexene (PFCH) (1000.00 mg, 3.8 mmol) were used to synthesize P4.10 in the
similar way as P4.8 1H NMR (DMSO-d6, 500 MHz) δ 8.04–7.80 (br), 7.80–7.58 (br), 7.58–7.38
(br), 7.38–7.02 (br), 7.02–6.75 (br), 6.75–6.58 (br);19F NMR (DMSO-d6, 470 MHz) -114.6 (br)
and -133.5 (br). Powder FTIR (neat): ν 1718, 1599, 1559, 1500, 1340, 1269, 1201, 1165, 1115,
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997, 974, 818, and 517 cm-1. GPC in THF relative to polystyrene gave a monomodal distribution
of Mn = 32,000 (Mw/Mn = 2.0). DSC analysis of third heating at 10 °C/min to 350 °C gave Tg =
198 °C and TGA (10 °C/min) gave Td = 391 °C in nitrogen and 390 °C in air. Inherent viscosity
(ɳ) = 0.87 ± 0.03 dl/g

Preparation of polymer P4.11

Scheme 6.19 Preparation of semi-fluorinated poly(aryl ether sulfone) P4.11
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Monomer (M4) (722.78 mg, 1.91 mmol), bisphenol S (BPS) (478.0 mg, 1.9 mmol), and
perfluorocyclohexene (PFCH) (1000.00 mg, 3.8 mmol) were used to synthesize P4.11 in the
similar way as P4.11 1H NMR (DMSO-d6, 500 MHz) δ 8.04–7.80 (br), 7.80–7.58 (br), 7.58–7.38
(br), 7.38–7.02 (br), 7.02–6.75 (br), 6.75–6.58 (br); 19F NMR (DMSO-d6, 470 MHz) -114.5 (br)
and -133.0 (br). Powder FTIR (neat): ν 1718, 1599, 1559, 1500, 1340, 1269, 1201, 1165, 1115,
997, 974, 818, 781, and 517 cm-1. GPC in THF relative to polystyrene gave a monomodal
distribution of Mn = 47,000 (Mw/Mn = 1.9). DSC analysis of third heating at 10 °C/min to 350 °C
gave Tg = 225 °C and TGA (10 °C/min) gave Td = 391 °C in nitrogen and 384 °C in air. Inherent
viscosity (ɳ) = 0.96 ± 0.02 dl/g

Preparation of polymer P4.12

Scheme 6.20 Preparation of semi-fluorinated poly(aryl ether sulfone) P4.12
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4,4’-biphenol (BP) (355.66 mg, 1.91 mmol), bisphenol S (BPS) (478.03 mg, 1.91 mmol),
and perfluorocyclohexene (PFCH) (1000.00 mg, 382 mmol) were used to synthesize P4.12 in the
similar way as P4.8. 1H NMR (DMSO-d6, 500 MHz) δ 6.78 (br), 7.24 (br). 19F NMR (DMSO-d6,
470 MHz) -114.87 (br), -133.19 (br). Powder FTIR (neat): ν 1708, 1599, 1559, 1500, 1340, 1269,
1201, 1165, 1115, 997, 974, 818, and 517 cm-1. GPC in THF relative to polystyrene gave a
monomodal distribution of Mn = 35,000 (Mw/Mn = 1.9). DSC analysis of third heating at 10 °C/min
to 350 °C gave Tg = 160 °C and TGA (10 °C/min) gave Td = 404 °C in nitrogen and 394 °C in air.
Inherent viscosity (ɳ) = 0.92 ± 0.03 dl/g

Preparation of polymer P4.13

Scheme 6.21 Preparation of semi-fluorinated poly(aryl ether sulfone) P4.13
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Bisphenol A (BPA), (436.0 mg, 1.9 mmol), bisphenol S (BPS) (478.0 mg, 1.91 mmol),
and perfluorocyclohexene (PFCH) (1000.00 mg, 3.82 mmol) were used to synthesize P4.13 in the
similar way as P4.8. 1H NMR (DMSO-d6, 500 MHz) δ 1.62 96 (CH3), 6.78 (br), 7.24 (br).
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F

NMR (DMSO-d6, 470 MHz) -114.87 (brs), -133.19 (brs). Powder FTIR (neat): ν 1708, 1599, 1559,
1500, 1340, 1269, 1201, 1165, 1115, 997, 974, 818, and 517 cm-1. GPC in THF relative to
polystyrene gave a monomodal distribution of Mn = 39,000 (Mw/Mn = 2.0). DSC analysis of third
heating at 10 °C/min to 350 °C gave Tg = 153 °C and TGA (10 °C/min) gave Td = 357 °C in
nitrogen and 349 °C in air. Inherent viscosity (ɳ) = 0.90 ± 0.03 dl/g

Preparation of polymer P4.14

Scheme 6.22 Preparation of semi-fluorinated poly(aryl ether sulfone) P4.11
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Bisphenol AF (BP6F), (642.21 mg, 1.91 mmol), bisphenol S (BPS) (478.03 mg, 1.91
mmol), and perfluorocyclohexene (PFCH) (1000.00 mg, 3.82 mmol) were used to synthesize
P4.17 in the similar way as P4.8 1H NMR (DMSO-d6, 500 MHz) δ 1.62 96H), 6.78 (br), 7.24 (br).
19

F NMR (DMSO-d6, 470 MHz) -67 (br) (6F), -114.87 (br) (6F), -133.19 (br) (6F). Powder FTIR

(neat): ν 1708, 1599, 1559, 1500, 1340, 1269, 1201, 1165, 1115, 997, 974, 818, and 517 cm-1. GPC
in THF relative to polystyrene gave a monomodal distribution of Mn = 33,000 (Mw/Mn = 1.98).
DSC analysis of third heating at 10 °C/min to 350 °C gave Tg = 122 °C and TGA (10 °C/min) gave
Td = 336 °C in nitrogen and 324 °C in air. Inherent viscosity (ɳ) = 0.73 ± 0.03 dl/g
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6.8
6.8.1

Chapter V experimental section
Polymers containing perfluoroheptene (PFH) and aromatic aryl ether repeat units

Preparation of copolymer P5.5

Scheme 6.23 Synthesis of perfluoroheptene (PFH) aryl ether containing polymer P5.5

To a 20-mL flask fitted with a rubber septum, and a magnetic stirring bar under nitrogen,
sodium hydride 52.80 mg (2.20 mmol) was added. DCM (8 mL) was added, followed by the
dropwise addition of 4,4′-(propane-2,2-diyl)diphenol (M5.5) (228.29 mg, 1.00 mmol) in 3 ml of
DMF. The mixture was stirred at room temperature for 2h, heated to 60 °C for 3h, cooled to room
temperature, and treated dropwise with 350.05 mg (1.00 mmol) of perfluoroheptene-1. The
reaction mixture was then stirred for 12h at room temperature, followed by heating to 60 °C for
8h. After cooling, the reaction mixture was precipitated into stirring 50 mL water/methanol
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(50/50). The crude polymer was isolated by filtration, washed repeatedly with H2O (20.0 mL x 4),
MeOH (10.0 mL x 4), hexanes (10.0 mL x 4) and dried in a vacuum oven at 60 °C overnight to
produce polymer P5.5 (76% yield) as a white solid. P5.5 was soluble in chloroform,
dichloromethane, and tetrahydrofuran at rt.

Preparation of copolymer P5.6

Scheme 6.24 Synthesis of perfluoroheptene (PFH) aryl ether containing polymer P5.6

To a 20-mL flask fitted with a rubber septum, and a magnetic stirring bar under nitrogen,
sodium hydride 52.80 mg (2.20 mmol) was added. DCM (8 mL) was added, followed by the
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dropwise addition of M5.6 (362.42 mg, 1.00 mmol) in 3 ml of DMF. The mixture was stirred at
room temperature for 2h, heated to 60 °C for 3h, cooled to room temperature, and treated dropwise
with 350.05 mg (1.00 mmol) of perfluoroheptene-1. The reaction mixture was then stirred for 12h
at room temperature, followed by heating to 60 °C for 8h. After cooling, the reaction mixture was
precipitated into stirring 50 mL water/methanol (50/50). The crude polymer was isolated by
filtration, washed repeatedly with H2O (20.0 mL x 4), MeOH (10.0 mL x 4), hexanes (10.0 mL x
4) and dried in a vacuum oven at 60 °C overnight to produce polymer P5.6 (71% yield) as a white
solid.

Preparation of copolymer P5.7

Scheme 6.25 Synthesis of perfluoroheptene (PFH) aryl ether containing polymer P5.7
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To a 20-mL flask fitted with a rubber septum, and a magnetic stirring bar under nitrogen,
sodium hydride 52.80 mg (2.20 mmol) was added. DCM (8 mL) was added, followed by the
dropwise addition of M5.7 (186.21 mg, 1.00 mmol) in 3 ml of DMF. The mixture was stirred at
room temperature for 2h, heated to 60 °C for 3h, cooled to room temperature, and treated dropwise
with 350.05 mg (1.00 mmol) of perfluoroheptene-1. The reaction mixture was then stirred for 12h
at room temperature, followed by heating to 60 °C for 8h. After cooling, the reaction mixture was
precipitated into stirring 50 mL water/methanol (50/50). The crude polymer was isolated by
filtration, washed repeatedly with H2O (20.0 mL x 4), MeOH (10.0 mL x 4), hexanes (10.0 mL x
4) and dried in a vacuum oven at 60 °C overnight to produce polymer P5.7 (68% yield) as a white
solid.
Preparation of copolymer P5.8

Scheme 6.26 Synthesis of perfluoroheptene (PFH) aryl ether containing polymer P5.8
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To a 20-mL flask fitted with a rubber septum, and a magnetic stirring bar under nitrogen,
sodium hydride 52.80 mg (2.20 mmol) was added. DCM (8 mL) was added, followed by the
dropwise addition of M5.8 (336.23 mg, 1.00 mmol) in 3 ml of DMF. The mixture was stirred at
room temperature for 2h, heated to 60 °C for 3h, cooled to room temperature, and treated dropwise
with 350.05 mg (1.00 mmol) of perfluoroheptene-1. The reaction mixture was then stirred for 12h
at room temperature, followed by heating to 60 °C for 8h. After cooling, the reaction mixture was
precipitated into stirring 50 mL water/methanol (50/50). The crude polymer was isolated by
filtration, washed repeatedly with H2O (20.0 mL x 4), MeOH (10.0 mL x 4), hexanes (10.0 mL x
4) and dried in a vacuum oven at 60 °C overnight to produce polymer P5.8 (65% yield) as a white
solid.
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Figure A.1

DSC thermogram (10 °C/min) of third cycle of FAVE polymers P2.1, P2.1ꞌ, P2.3
and P2.3ꞌ in N2
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Figure A.2

Thermal decomposition of polymers P2.1, P2.1ꞌ, P2.3 and P2.3ꞌ in N2
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DSC of first and third heating cycles (10 °C/min) of telechelomer T1' where
telechelomer T1 is thermally polymerized via cyclodimerization of end groups to
PFCB T1'x
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DSC of first and third heating cycles (10 °C/min) of telechelomer T3 where
telechelomer T2 is thermally polymerized via cyclodimerization of end groups to
PFCB T3'x
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T4x, Tg = 149 °C
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Figure A.6

DSC of third heating cycle (10 °C/min) of telechelomers polymerized via
cyclodimerization (210 °C) of end groups to PFCB T1'x, T3'x, T4'x, and T4x
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Figure A.7

Thermal decomposition of telechelomers T1ꞌ and T3ꞌ in air
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Figure A.8

Thermal decomposition of telechelomers T1ꞌ and T3ꞌ in N2
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Figure A.9

Thermal decomposition of PFCB chain extension T1ꞌx and T3ꞌx in air
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Figure A.10 Thermal decomposition of PFCB chain extension T1ꞌx and T3ꞌx in N2
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Figure A.11 ORTEP representation of M2 (C24H16O2) and M4 (C28H26O4). This representation
incorporates the atom labeling scheme for the independent non-hydrogen atoms. The
thermal ellipsoids are scaled to enclose 50% probability.
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Figure A.12 Copyright permission
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Figure B.1

1

H-NMR of P4 in CDCl3
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Figure B.2

1

H-NMR of P5 in CDCl3.
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Figure B.3

1

H-NMR of P6 in CDCl3
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Figure B.4

Copyright permission
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Polymer P4.8
at rt
Figure C.1

Polymer P4.8
at 350 oC

Polymer P4.8
in DCM

Image showing P4.8 at t, P4.8 at 350 °C and the insoluble network of P4.8 in DCM
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Figure C.2

Figure S3 UV-vis spectrum of P4.8-P4.13 films with the thicknesses of ⁓ 1.27 mm
each
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Figure C.3

DSC thermogram (10 °C/min) of third cycle of copolymers P4.10-P4.13 in N2
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Figure C.4

Thermal stability profiles of copolymers P4.8-P4.14 in N2
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Figure C.5

Thermal stability profiles of copolymers P4.8-P4.14 in air
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